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ABSTRACT
Emmart, Laura A.
Geology
VOLATILE TRANSFER DIFFERENTIATION OF THE GORDON BUTTE MAGMA, NORTHERN 
CRAZY MOUNTAINS, MONTANA (83 pp.)
D irec to r :  Dave Alt
Gordon Butte i s  a T e r t ia ry  shonk in ite  l a c c o l i th  in th e  Crazy 
Mountain basin  of c e n t ra l  Montana. The sh onk in ite  i s  a homogeneous 
coarse -g ra ined  rock conta in ing  a high sodium content r e f le c te d  in the  
presence of nepheline, primary f a u j a s i t e  and a n a lc i te ,  a e g i r in e -  
a u g ite ,  and a e g ir in e .  The shon k in ite  magma in truded the  Paleocene 
Fort Union Formation f e n i t iz in g  th e  s i l ty -s a n d s to n e s  in to  dense, 
green aeg ir ine -po tass ium  fe ld sp a r  rocks. The magma contained a high 
v o l a t i l e  con ten t, r ic h  in  both carbon d iox ide  and water, which 
influenced th e  generation  of carbon d io x id e - r ic h  f e n i t iz in g  f lu id s  
and a magmatic f lu id  phase r ic h  in  water. F e n i t iz a t io n  r e s u l t s  from 
the  ex so lu tio n  of an a c id ic ,  low pH, carbon d io x id e - r ic h  f lu id  phase 
enriched in a lk a l i e s ,  f e r r i c  iron , and aluminum due to  the  re le a s e  of 
p ressure  on an ascending magma from upper mantle depths. Carbon 
d ioxide  looses s o l u b i l i t y  and exsolves as a sep a ra te  phase preceding 
in t ru s io n  o f  th e  a lk a l in e  rocks. F e n i t iz a t io n  as well as the  
enrichment of s e le c t  elements toward the  top o f  the  l a c c o l i th  provide 
evidence fo r  v o l a t i l e  t r a n s f e r  processes and t h e i r  importance in 
a lk a l in e  magmatic d i f f e r e n t i a t i o n .
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INTRODUCTION
V o la t i le  t r a n s f e r  i s  a process o f magmatic d i f f e r e n t i a t i o n  
whereby se le c te d  elements, ty p ic a l ly  a lk a l i e s ,  show an a f f i n i t y  fo r  a 
mobile f lu id  phase (Rittmann, 1975). The m igra tion  of th e se  f lu id s  
w ith in  th e  magma produce com positional v a r ia t io n s  in th e  r e s u l t in g  
rock. Mobile f l u id s  a re  a lso  capable  o f  exsolving out o f  the  magma, 
ca rry in g  along d isso lved  a lk a l i e s ,  and producing a metasomatic 
au reo le  around th e  in tru s io n .  A lka li  metasomatism, o r  f e n i t i z a t i o n ,  
commonly occurs around a lk a l in e  s i l i c a t e  in t ru s io n s  (Lebas, 1977). 
Thus d i f f e r e n t i a t i o n  o f  a magma by v o l a t i l e  t r a n s f e r  involves the  
movement o f f l u id s  and a sso c ia ted  elements w ith in  and poss ib ly  out of 
the  magma.
F lu id  in c lu s io n  s tu d ie s  in d ic a te  th a t  carbon d iox ide  and water 
a re  th e  dominant v o l a t i l e s  a c t iv e  in  magmatic f lu id s  (Fyfe and 
o th e rs ,  1978, p .35). Carbon d iox ide  i s  a major c o n s t i tu e n t  o f  mantle 
derived  magmas; i t  not only p lays an important r o le  in  th e  
p e trog en es is  of a lk a l in e  rocks (Rock, 1976) but has broad 
im p lica tio n s  fo r  th e  genera tion  of f e n i t i z in g  f l u id s  from a lk a l i c  
magmas (S ch isse l ,  1983). Water, on th e  o th e r  hand, p lays an 
important ro le  in t r a n s p o r t in g  th e  pneum atolytic  elements toward the  
top of th e  in t ru s io n  th us , c re a t in g  s u b t le  geochemical v a r i a t io n  in 
the  rock composition (Rittmann, 1975, H ild re th , 1979).
The a c t i v i t y  of th e  v o l a t i l e s  in  th e  f l u id  phase depend d i r e c t l y  
on th e  s p e c i f i c  v o l a t i l e s ’ s o l u b i l i t y  and response  to  v a rious
tem pera ture  and p ressu re  co n d it io n s .  For example, th e  s o l u b i l i t y  of 
carbon d iox ide  i s  only 10-20% th a t  o f  water in  a lk a l in e  s i l i c a t e  
magmas. At upper mantle c o n d it io n s  a carbonated magma would be c lo se  
to  s a tu r a t io n  with re sp ec t  to  carbon d iox ide  but nowhere near 
s a tu r a t io n  with re sp ec t  to  water. I f  a mantle derived  magma were to  
in tru d e  near su r fa c e  c o n d it io n s , carbon d iox ide  would lose  s o l u b i l i t y  
and exsolve from th e  magma as a se p a ra te  f lu id  phase (Mysen, 1975). 
This mobile phase would c a r ry  along d isso lved  a lk a l i e s  and p e n e tra te  
the  surrounding host rock causing f e n i t i z a t i o n  of the  border zone.
As th e  in truded  magma e q u i l i b r a t e s  to  lower p ressu re  co n d it io n s  
carbon d iox ide  con tinues  to  exsolve from th e  magma. However, water 
remains so lu b le  in  the  magmatic f lu id  phase. A d i f f e r e n t i a t i n g  magma 
influenced by a w ater-bearing  f lu id  would not be very v iscous as 
water would tend to  depolymerize th e  s i l i c a t e  s t r u c tu r e s .  Such a 
s i t u a t io n  would allow f l u id s  to  m igra te  f r e e ly  toward lower p ressu re  
c on d it io ns  a t  the  top  o f  th e  in t ru s io n ,  co n cen tra tin g  se le c te d  
elements in  the  upper p o r t io n s  o f  th e  in t ru s io n .
In summary, a magma d i f f e r e n t i a t i n g  by v o l a t i l e  t r a n s f e r  depends 
d i r e c t l y  on th e  s p e c i f i c  v o l a t i l e  involved and t h e i r  response to  
imposing c o n d it io n s  of s o l u b i l i t y ,  tem pera ture , and p ressu re .
GENERAL STATEMENT
This i s  a p e tro lo g ic  and chemical s tudy  of the  d i f f e r e n t i a t i o n  
h i s to ry  of the  a lk a l in e  magma which formed Gordon Butte , an o u t l i e r  
of th e  Crazy Mountain igneous complex in c e n t r a l  Montana, and the
a l t e r a t i o n  th e  Gordon B utte  magma imposed on th e  country  rocks during 
in t ru s io n .  Other s tu d ie s  of th e  Crazy Mountain igneous complex 
mention the  occurrence o f  a l t e r a t i o n  au reo les  which surround th e  
la rge  Loco Mountain and Big Timber s tocks  (Weed, 1899, Tappe, 1966) 
but v i r t u a l l y  ignore the  im p lica tio n s  th e se  au reo les  might have had 
on th e  ev o lu tion  o f  th e se  in t ru s io n s .
Although much sm a lle r  in s iz e  compared to  the  la rg e  s tocks  in 
the  Crazy Mountains, Gordon Butte  has an au reo le  o f  f e n i t e .  F lu id s  
emanating from th e  a lk a l in e  magma fe n i t iz e d  th e  surrounding 
sedimentary rocks of th e  Fort Union Formation. These f e n i t i z in g  
so lu t io n s  e f f e c t i v e ly  removed se le c te d  elements from th e  magma.
Previous s tu d ie s  by Wolff (1938) and Larsen and Simms (1972) 
a t t r i b u t e  d i f f e r e n t i a t i o n  o f  Gordon Butte to  th e  process  of c ry s ta l  
f r a c t io n a t io n .  However, fieldw ork documents th a t  n e i th e r  th e  base of 
th e  l a c c o l i th  c o n ta in s  an accumulation of ’ h e a v ie r ’ mafic m inerals , 
nor does the  top  o f  th e  la c c o l i th  co n ta in  a dominantly f e l s i c  layer . 
The lack of a f e l s i c  top , o r  s y e n i te  cap, would a lso  e l im in a te  th e  
p o s s ib i l i ty  o f th e  Gordon Butte  magma d i f f e r e n t i a t i n g  under the  
process o f  l iq u id  im m isc ib i l i ty .  The rock a t  Gordon B utte  i s  
extremely homogeneous in  t e x tu re .  This pervasive  t e x tu r e  to g e th e r  
with th e  presence o f  f e n i t e  cannot be exp la ined  by e i t h e r  c ry s ta l  
f r a c t io n a t io n  o r  l iq u id  im m isc ib i l i ty  d i f f e r e n t i a t i o n .  Other 
p rocesses  must be used to  he lp  e x p la in  th e se  f e a tu r e s  observed a t 
Gordon Butte. Both th e  homogeneous igneous rock and th e  f e n i t e  
provide a worthwhile sm a ll - sc a le  a rea  fo r  study o f  v o l a t i l e  t r a n s f e r  
d i f f e r e n t  i a t  ion.
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GEOLOGIC SETTING
The igneous rocks o f  th e  Crazy Mountains a re  part  o f a group of 
i s o la te d  igneous c e n te r s  on th e  e a s te rn  f lan k  of the  northern  Rocky 
Mountains (see f ig u re  1). P ir rso n  (1905) f i r s t  grouped these  
i s o la te d  igneous mountain ranges in to  th e  c e n t r a l  Montana 
pé trog raph ie  province.
Both P ir rso n  (1905) and Larsen (1940) consider  th e  i so la te d  
igneous c e n te r s  r e la te d  with re sp ec t  to  time and space. The numerous 
igneous c e n te r s  w ith in  th e  province a re  d iv ided  in to  subprovinces on 
the  b a s is  o f chemical, m ineral, and te x tu r a l  s i m i l a r i t i e s .  Each 
subprovince c o n ta in s  mafic and f e l s i c  rock ty pes  belonging to  a 
chemical s e r i e s  ranging from a lk a l in e  to  c a l c - a lk a l in e  (Larsen,
1940).
Figure  2 shows Gordon Butte in  r e l a t i o n  to  th e  o th e r  Crazy 
Mountain in tru s io n s .  Wolff (1938), in  h i s  thorough study of th e  
igneous rocks in  th e  Crazy Mountain basin , d iv id e s  th e  subprovince 
in to  two p a r ts ,  a n o r thern  and sou thern  a rea  conven ien tly  separa ted  
by th e  Sh ie lds River. The no rth ern  a rea , which inc ludes  Gordon 
Butte , co n ta in s  numerous a lk a l in e  l a c c o l i th s ,  d ikes , and s i l l s .  
However, c a lc - a lk a l in e  rocks in  th e  form o f th e  Loco Mountain s tock  
do occur as well in th e  n o rthe rn  a rea . A metamorphic au reo le  o f 
ad ino le  surrounds th e  Loco Mountain s tock  (Larsen and Simms, 1972, 
Wolff, 1938, Weed, 1899). According to  Weed (1899), th e  ad ino le  
c o n s i s t s  o f  a very dense, hard zone o f  new mineral growth, mostly 
s h a le - l ik e ,  and ranging in co lo r  from white po rce la in -1  ike to  green
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and lavender. Weed does not re p o r t  th e  exact new m inerals.
The southern  a rea  c o n ta in s  th e  c a l c - a lk a l in e  Big Timber stock  
and a sso c ia ted  metamorphic au reo le , a prominent r a d ia l  d ike swarm, 
and an a lk a l in e  l a c c o l i th  c a l le d  Ibex Mountain (Larsen and Simms,
1972). Tappe (1966) d e s r ib e s  the  Big Timber s tock  as cut by a s e r i e s  
of d ik es  ranging in  composition from b a sa l t  to  a p l i t e  to  an d és i te .  
Tappe (1966) a ls o  n o tes  th a t  th e  a n d é s i te  d ikes  con ta in  phenocrysts 
which show s trong  chemical a f f i n i t i e s  to  th e  d ikes and s i l l s  o f  the  
northern  a rea .
NOMENCLATURE
The a lk a l in e  rocks a t  Gordon Butte  a re  mafic and con ta in  
subequal modes o f  potassium fe ld sp a r  and a u g ite .  However, 
nomenclature d esc r ib in g  th e  rock types  a t  Gordon Butte  has been a 
problem. For in s tance , P ir rso n  <1905) and Wolff (1930) r e f e r  to  the  
rocks a t  Gordon Butte  as t h e r a l i t e ,  Simms (1966) uses th e  term 
mal ig n i te ,  and Dudas (1984) uses b asan i te .
Wolff (1938) chooses the  term t h e r a l i t e  from a s t r i c t  chemical 
a n a ly s is  point o f  view, Wolff’ s  d a ta  f in d s  th e  potash to  soda r a t i o  
equal to  8/11, which in  h i s  opin ion  most c lo s e ly  approaches the  
a lk a l i  r a t i o  o f a t h e r a l i t e  (K@0/Nae0 = 1 /2 ) . Wolff mentions th e  
p o s s ib i l i t y  o f  using th e  term sh o n k in i te  to  r e f l e c t  th e  presence of 
o r th o c la se  in  th e  rock. A sh o n k in ite  should have an a lk a l i  r a t i o  of 
KgO/NagO = 2 /1 , which according to  Wolff does not f i t  h i s  da ta .
Simms (1966) uses th e  term m alig n ité ,  as  he f e e l s  the  term
t h e r a l i t e  does not f i t  th e  mineralogy of th e  mafic a lk a l in e  rock. 
According to  Simms (1966), a t h e r a l i t e  should con ta in  s ig n i f ic a n t  
p lag io c la se .  Simms uses th e  term m align ité  because mal ig n i te s  a re  
h a l f  a e g i r in e -a u g i te  and co n ta in  varying p ro po rtion s  o f nepheline and 
o r th o c la se  in  subequal amounts.
The most m isleading re p ré se n tâ t  ion of the  potassium fe ld s p a r -  
a u g ite  rock a t  Gordon B utte  concerns the  term b asan i te .  B asan ites  
a re  defined  to  co n ta in  c a l c i c  p la g io c la se ,  clinopyroxene, and a 
fe ld sp a th o id  (Bates and Jackson, 1980). The rocks a t  Gordon Butte  
a re  f r e e  of c a l c i c  p lag io c la se .
The d iscrepancy over nomenclature c e n te rs  around th e  percentage 
and r a t i o  of th e  a lk a l i e s  contained  in  the  rocks o f  Gordon Butte. 
C learly  th ese  rocks c o n ta in  a high percentage of both sodium and 
potassium, see  Table 1. Using th e  d a ta  from Table 1 to  p lo t  the  
following r e l a t io n s h ip s :  K*0 vs SiO@ and K@0 + Na*0 vs SiO@ on f ig u re  
3, th e  rocks a t  Gordon B utte  a re  a lk a l in e ,  and dominantly potassium- 
r ic h  with KeO/NasO > 0.06, and th e re fo re  sh o sh o n it ic  according to  the  
c r i t e r i a  o f  Morrison (1980). F igure  4 i s  a p lo t  o f th e  a lk a l i  da ta  
on a te rn a ry  An-Ab-Or diagram. This diagram by I rv in e  and Baragar 
(1971) confirms th a t  th e  rocks a t  Gordon Butte  belong to  a p o ta s s ic ,  
and not a sodic , s e r i e s .  Therefore, th e se  mafic potassium fe ld s p a r -  
a u g ite  rocks should be r e fe r r e d  to  as sh o n k in i te .  Shonkin ite  
c h a ra c te r iz e s  th e  mafic a lk a l in e  rocks o f  th e  o th e r  igneous c e n te rs  
w ith in  th e  Montana pé trog raph ie  province, fo r  in s tan c e :  in  the
8
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TABLE 1. Chemical composicion of  the rock types of  Gordon Butte  in weight percen t 
(Note iron  i s  rep o r ted  as f e r r i c  i ro n )
Sample SiOg Al^Oj CaO HgO Na^O X2O ^«2^3 HnO TiOg "2S
GB-II F e n i t i z e d  C h i l l  Zone 55.1 15.2 4 .29 2.52 4.41 7.75 5.72 0.24 0.52 0.31
GB-10 Top C h i l l  Zone 46.1 13.2 9.57 4.75 5.70 4.03 10.10 0.24 1.14 1.50
GB-9 V e r t i c a l  S ec t ion  #5 44.7 13.7 9.08 4.97 6.59 4.50 9.63 0.20 1.01 1.50
GB-8 #4 46.5 12.5 10.5 6.52 4.01 3.62 8.17 0.14 0 .95 1,26
GB-7 #3 44.1 11.8 11.9 7.43 2.29 3.92 9.34 0.15 0.99 1.49
GB-6 #2 43.4 12.1 11.8 6.49 3.31 4.41 9.10 0.15 0.85 1.83
GB-5 V e r t i c a l  S e c t io n  #l 44 .7 13.8 10.8 5.38 4.64 3.35 9.27 0.18 0.92 1.48
GB-4 Bottom C h i l l  Zone 44 .8 13.1 9.57 4 .80 6.04 3.95 10.45 0.24 1.22 1.56
GB-3 Basal F o r t  Union Fra. 63 .8 15.9 1.29 2.42 2.08 7.42 4.01 3.02 0.53 0.21
GB-2 U nalte red  F o rt  Union 39.2 6.19 26.0 0.71 0.55 2.25 1.51 1.31 0.29 0.14
GB-1 S h o n k in i te  Dike 49.5 13.6 8.06 5.66 5.04 4.01 7.54 0,13 0.90 1.00
X-ray F lou rescence  an a ly se s  by X-ray Assay L a b o r a to r ie s ,  Don M i l l s ,  O n ta r io
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Figure 3. P to ts of alkalies versus silica  for the rocks a t Gordon But le. Included on the diagrams 
for comparison are p lo ts o f alkaline and calc^alkaline series for island arc and 
continental margin shoshonitic rocks, from Morrison f 1980.
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Figure 4. The ternary A n - A b - O r  diagram of frvine and 
Baragar (1971) shows the rocks at Gordon Butte 
to belong to a potassic  series. Plots in percent 
cation equivalents.
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Highwood Mountains Square Butte , Round B utte , and Shonkin Sag, In the  
Bearpaw Mountains Box E lder L acco li th  and Snake Butte , in the  C as tle  
Mountains Yogo Peak, and in the  no rthern  end o f  th e  Big Belt 
Mountains an e x tru s iv e  sh o n k in i te  occurs (Kendrick and Edmonds, 1901, 
Liptak, 1984, Kuhn, 1963, Leppert, 1965, Larson, 1940).
STRUCTURE
The Crazy Mountain basin  i s  in  the  southwest co rner o f  the  
Montana p é trog raph ie  province- The basin  i s  not only a physiographic 
depression  but a s t r u c tu r a l  basin  as well. S t ru c tu ra l  f e a tu re s  to  
th e  north  of th e  Crazy Mountain basin  include  th e  C a s t le  Mountains, 
Shawmut A n tic l in e ,  B a t t le  Ridge Monocline, and th e  Huntly-Lake Basin 
Fault Zone, to  th e  west the  Bridger Mountains, to  th e  south th e  Nye- 
Bowler lineament and Beartooth Range, and to  the  e a s t  the  Pryor-Big 
Horn U p lif t  (G a rre t t ,  1972)(see f ig u re  5 ). S t ru c tu re s  w ith in  th e  
basin presumably r e s u l t  from Laramide compression of fragmented 
Precambrian c r y s t a l l i n e  basement. Dominant s t r u c tu r a l  f e a tu re s  in 
the  Crazy Mountain basin  c o n s is t  o f  fo ld s :  a n t i c l i n a l ,  drape, and en 
echelon (G arre tt ,  1972).
T e r t ia ry  in t ru s io n s  occupy th e  deeper p a r t  o f  th e  basin  
(G arre tt ,  1972). Tappe (1966) suggests  the  Crazy Mountain in tru s io n s  
may r e l a t e  to  movement a t  depth along Lewis and Clark megashears, 
p r in c ip a l ly  the  Lake Basin and Nye-Bow1er lineam ents. Tappe 
co n s id e rs  th ese  lineam ents as  fundamental “m aste r” f a u l t s  and th e
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su r fa c e  exp ress ions  of deep seated  shear zones. Smith (1965) 
suggests , l ik e  the  o th e r  c e n te r s  in th e  a lk a l in e  province, the  Crazy 
Mountain igneous c e n te r  occupies a reg ion  on a t e c to n i c a l ly  s ta b le  
c ra to n  where th e  deep seated  lineam ents in te r s e c t .
Emplacement o f the  Crazy Mountain complex appears coax ial to  the  
basin , th e  basin  a x is  approxim ately p a r a l l e l s  the  Bridger Range 
(Tappe, 1966). The in t ru s io n s  a re  a combination o f  s tocks, 
l a c c o l i th s ,  d ikes ,  and s i l l s .  Stocks and accompanying r a d ia l  d ike 
swarms ty p i fy  the  sou thern  a rea  o f  th e  basin  whereas l a c c o l i th s  and 
s i l l s  dominate th e  no rthe rn  a rea .
In both the  no rth ern  and sou thern  a reas ,  s i l l s  and la c c o l i th  
in t ru s io n s  conform to  th e  folded sedimentary s t r a t a .  Weed (1899) 
i n t e r p r e t s  th e  fo ld in g  and in t r u s iv e  even ts as  synchronous. Wolff 
(1938) no tes  th a t  th e  sedimentary s t r a t a  commonly d ip  gen tly  inward 
toward the  in t r u s iv e  bodies. Presumably in such cases  the  igneous 
rock in tru d e s  th e  trough o f  a sy n c l in a l  fo ld , in d ic a t in g  the  
in t ru s iv e  events a re  post fo ld ing . The Big Timber and Loco Mountain 
s tocks  in trud e  an a n t i c l i n e  in th e  Fort Union and L iv ingston  
form ations (Tappe, 1966) and a re  a sso c ia te d  with a s tron g  Bouguer 
g rav i ty  anomaly (Kelly, 1966).
CONTACT RELATIONS
Gordon Butte , the  l a rg e s t  and th ic k e s t  l a c c o l i th  in th e  Crazy 
Mountain complex, s tands  as a 105 meter th ic k  s a u c e r - l ik e  mass 
(Weed,1899, W olff ,1938). The d i s t i n c t i v e  shape of th e  b u t te  may
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simply involve compaction and dewatering o f  th e  s o f t e r  sediments 
under th e  weight of th e  in je c te d  magma. The surrounding sedimentary 
rocks d ip  inward toward the  c e n te r  o f  Gordon Butte a t  approximately 
5-8 degrees.
The feeder d ike  fo r  Gordon Butte  sp o ra d ic a l ly  cropped out 
southwest o f  th e  l a c c o l i th .  Approximately th re e  k ilom ete rs  away from 
Gordon Butte  th e  d ike  i s  v e r t i c a l .  About one k ilom eter from the  
l a c c o l i th ,  th e  d ip  of th e  feeder d ike  changes from 90® to  30®, about 
100 m eters from Gordon Butte  i t  f l a t t e n s  to  a d ip  between 5 and 10 
degrees, becoming a s i l l .  Thus th e  d ike  ro l le d -o v e r  from a v e r t i c a l  
to  an almost h o r izo n ta l  o r ie n ta t io n  before  te rm ina ting  in  the  
la c c o l i th .  This ro l l in g -o v e r  of th e  feeder d ike in to  a l a c c o l i th  i s  
common in o th e r  a lk a l in e  subprovinces. The Adel Mountains con ta in  
s im ila r  con tac t  r e l a t i o n s  between numerous feeder d ikes  and 
l a c c o l i th s  emanating from a c e n t r a l  igneous s tock  (Whiting, 1977).
Topographically  below th e  105 meter c i r c u l a r  l a c c o l i th  a re  a 
s e r i e s  of sh o n k in i te  s i l l s ,  which fe a th e r  in to  the  surrounding 
country rock (see f ig u re  6). These s i l l s  a re  in  a c tu a l i ty  p a rt  o f the  
la c c o l i th ,  making the  re a l  th ic k n ess  o f sh o n k in i te  approxim ately 270 
meters. However, due to  t h e i r  con tac t  r e l a t i o n s  and exposure beneath 
the  c i r c u l a r  mass o f  sh o n k in i te  they a re  mapped and re fe re d  to  as 
s i l l s .  Wolff (1938) d e sc r ib e s  t h i s  con tac t  r e l a t i o n  as  l i t - p a r - l i t  
in je c t io n ;  Tappe (1966) f in d s  s im i la r  con tac t  r e l a t i o n s  around the  
Big Timber Stock, which he d e sc r ib e s  as a cedar t r e e - l i k e  in je c t io n .
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Figure 6. Schematic diagram of feather^Hice sit! injection.
Top diagram may represent the contact relations 
at Gordon Butte^ bottom diagram represents 
Tappers (1966) description o f cedar tree^tHte 
sitt injection.
17
The s i l l s  g ive th e  appearance of a hummocky apron surrounding Gordon 
Butte , e s p e c ia l ly  to  th e  n o r th ea s t  where they co ncen tra te .  Weed 
(1099) in te rp re te d  the  s i l l s  as a se p a ra te  in t ru s io n  underneath the  
c i r c u l a r  l a c c o l i th .  However, the  te x tu re  and mineralogy remain 
c o n s is te n t  between the  c i r c u l a r  mass o f  sh o n k in ite  and th e  shonk in ite  
s i l l s ,  in d ic a t in g  the  in je c t io n  o f  the  Gordon Butte magma was one 
event.
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PETROLOGY AT GORDON BUTTE
Three important rock types  e x is t  a t  Gordon Butte : shonk in ite ,  
f e n i t e ,  and th e  surrounding sedimentary rock o f  the  Fort Union 
Formation.
Shonkinite .
Table 2 shows th e  modal mineralogy from samples c o l le c te d  in a 
v e r t i c a l  s e c t io n  through th e  top 105 meters o f the  l a c c o l i th .  In 
hand specimem, th e  sh o n k in i te  c o n s is te n t ly  occurs as a medium to  
coarse  grained aug ite-po tassium  fe ld sp a r  rock, green-b lack  and gray 
colored re s p e c t iv e ly .  The c h i l l  zones a re  much darker green than the  
main mass of sh o n k in i te  and con ta in  a f in e  grained groundraass with 
coarse  grained a u g ite  phenocrysts. The a u g ite  phenocrysts in  the  
c h i l l  zones appear o r ien ted  in a flow l in e a t  ion, roughly p a r a l l e l  to  
th e  in trusion* s  basal and top c o n ta c ts .  The bottom c h i l l  zone i s  
approximately 1 meter th ic k ,  however, th e  top  c h i l l  zone i s  only 
about 20 cen tim e te rs  th ic k .
Approximately 40-45% of th e  sh o n k in ite  i s  the  potassium fe ld sp a r  
san id ine  with a low 2V, approxim ately 15-20® and a negative  b ia x ia l  
s ign  (Troger, 1979). In hand specimen th e  anhedral sa n id in e  c r y s t a l s  
appear b lu ish -g ray . In th in  se c t io n ,  secondary a l t e r a t i o n  of th e  
san id in e  produces n a t r o l i t e  th a t  shows a low b ire f r in g e n c e  and 
ra d ia t in g  te x tu re .  N a t ro l i te  tends  to  occur in  th e  i n t e r s t i c e s  
between o th e r  mineral g ra in s  enclosed in th e  anhedral san id ine . 
E xso lu tion  o f  very f in e  grained (<lmra) a l b i t e  a lso  appears in th e
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TABLE 2. Nodal mineralogy of the shonkinite
Sample Aug. Aeg. Sanid . Neph. Fau j. Bio. Apa. Anal .
Top C h i l l  Zone 25 35 25 3 1-2 5 5 ---
V e r t ic a l  S ec t ion  #5 40 ( in c lu d ed  in Au) 40 5 t r . 10 3-4 1
#4 30 1 45 5 10 5 3 t r .
#3 25-30 t r . 50 3 15 2 2 t r .
#2 35 1 40 3 15 3 3 —
V e r t i c a l  S ec t io n  #1 30 (in c lu d ed  in  Au) 42 5 10 10 3 —
Bottom C h i l l  Zone 20 35 25 5 t r . 10 5
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san id in e , s tand ing  a t  a h igher r e l i e f  than  th e  enclosing  san id ine . 
T ex tu ra lly  th e  a l b i t e  can be sq u a re - l ik e  euhedral g ra in s  or graphic 
in te rg row ths  (see f ig u re  7).
The sh o n k in i te  c o n ta in s  on average about 35% a u g ite  in euhedral 
g ra in s  th a t  range in  s iz e  from (1mm -  7mm. In th in  se c t io n ,  th e  
coarse  a u g ite s  (3mm -  7mm) g en e ra l ly  appear pale  green with Ẑ C 
measurements equal to  45*. A c o n s is te n t  2V = 60* and p o s i t iv e  
b ia x ia l  s ig n  in d ic a te  th a t  th ese  a u g i te s  a re  s p e c i f i c a l ly  s a l i t e  
(T roger ,1979), which i s  th e  common pyroxene in  the  pé trog raph ie  
province (Larsen, 1940). The f i n e r  grained a u g ite s  ((1mm -  3mm) are  
p leochro ic  with X=dark green and Z=light green. These pyroxenes a re  
p o s i t iv e  b ia x ia l  m inerals  th a t  d isp la y  near p a r a l l e l  e x t in c t io n  and 
a re  probably a e g i r in e -a u g i te .  The m inéralogie  replacement o f 
a e g i r in e -a u g i te  fo r  a u g ite  c o n s i s t s  o f  NaFe*^ going to  Ca(Mg,Fe+*) 
(Hurlbut and K le in ,1977). A eg ir in e -au g ite  commonly rims th e  c o a rse r  
s a l i t e  co res  (see f ig u re  8 ). Apart from th e  d i s t i n c t  co lo r  
d i f fe re n c e ,  the  s a l i t e  core  and a e g i r in e -a u g i te  a l t e r a t i o n  rim 
e x h ib i t  d i f f e r e n t  e x t in c t io n  angles.
The t o t a l  35% pyroxene con ten t in th e  sh o n k in ite  a lso  inc ludes 
a e g ir in e  in t r a c e  amounts up to  about 1% in th e  main body of 
shon k in ite .  In th e  c h i l l  zones a e g i r in e  accounts fo r  approximately 
15-20% of th e  t o t a l  pyroxene con ten t. The a e g i r in e  g ra in s  occur as 
(1mm stubby or needl e - l ik e  c r y s t a l s .  T ex tu ra l ly ,  a l l  g ra in  s i z e s  of 
a u g ite  and a e g i r in e -a u g i te  show s tro ng  zoning (see f ig u re  9).
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3 mm
Figure 7, Square-Hke euhedra! texture of ai bite
•7 mm
Figure 6. Aegirine-augite rimming salite cores.
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Both pyroxenes a re  commonly p o l k i l i t i c  enclosing  very f in e  
g ra in s  (<lmm) o f  b lo t  1t e ,  a p a t i t e ,  m agnetite , and san id ine . Locally 
the  coarse  pyroxene g ra in s  e x h ib i t  a zone o f  t in y  in c lu s io n s  
surrounding th e  enclosed m inerals  mentioned above.
The amount o f  b i o t i t e  throughout th e  l a c c o l i th ,  i s  approximately 
5 percen t. However, th e  s i z e  o f  th e  b i o t i t e  g ra in s  as well as the  
degree o f  ox id a tio n  v a r ie s  co nsiderab ly  from the  base o f  Gordon Butte 
to  th e  top.
In the  c h i l l  zones, th e  b i o t i t e  g ra in s  a re  very f in e ,  <lmm, with 
th ic k  very ru s ty  red o x id a t io n  rims. The p leochro ic  scheme o f  the  
unoxidized b i o t i t e  co res  i s  X=orange-brown and Z=dark red-brown.
Many b i o t i t e  g ra in s  a re  broken o r  f ra c tu re d  and some a re  bent (see 
f ig u re  10). B io t i t e  a lso  commonly rims a u g ite  g ra in s  in  th e  c h i l l  
zones.
Adjacent to  the  c h i l l  zones th e  b i o t i t e  g ra in s  range in  s iz e  
from (1mm up to  3mm. Toward the  c e n te r  o f  th e  l a c c o l i th ,  b i o t i t e  
becomes le s s  oxid ized  and c o a rse r  grained. The coarse  b i o t i t e s  a re  
euhedral and p le o c h ro ic a l ly  s im i la r  to  the  unoxidized b i o t i t e  co res  
in the  c h i l l  zones. These coarse  (3mm) g ra in s  o f  b i o t i t e  a re  
p o i k i l i t i c  and enclose  san id in e ,  m agnetite , a p a t i t e  and r a r e ly  very 
f in e  grained a u g ite s .
Primary f a u j a s i t e ,  a sodium-calcium z e o l i t e ,  accounts fo r  up to  
15% of th e  sh o n k in i te  depending on p o s i t io n  in  th e  v e r t i c a l  s e c t io n .  
The f a u j a s i t e  occurs p r im arily  in  th e  lower h a l f  of th e  l a c c o l i th  and 
appears to  have su ffe red  severe  secondary a l t e r a t i o n  to  "grunge".
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Figure 9. Strong zoning in an augite phenocryst.
3 mm
Figure 10. Bent biotite grain in the chi if zone.
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O ptica l de te rm ina tion  i s  confirmed by th e  d i s t i n c t  euhedral shape, 
f in e  grained n a tu re  <<lmm), and is o t ro p ic  p roperty  in po larized  
l ig h t .  Wolff (1938) described  t h i s  i s o t ro p ic  mineral as s o d a l i t e  but 
e le c t ro n  microprobe a n a ly s is  r e v e a ls  both calcium and sodium, thus 
the  mineral can not be s o d a l i t e .  F igure  11 i s  a photomicrograph of 
f a u j a s i t e  enclosed in  anhedral san id ine .
A p a tite  makes up approxim ately 3-4% of the  sh o nk in ite .  The 
g ra in s  a re  t y p ic a l l y  euhedral and occur in d iv id u a l ly  as well as in 
aggregates . The a p a t i t e  can range in  s i z e  from (1mm to  5mm, some of 
th e  coarse  g ra in s  could almost q u a l i fy  as phenocrysts.
In a d d it io n  to  th e  common a c c e sso r ie s  m agnetite  and sphene, the  
sho n k in ite  co n ta in s  two sodium -rich m inera ls :  nepheline and a n a lc i t e .  
Nepheline makes up about 5% o f th e  rock and a n a lc i t e  t y p ic a l ly  le s s  
than 1%. Both a re  anhedral, and commonly enclosed in  la rg e r  san id in e  
g ra ins . The nepheline g ra in s  a re  d is t in g u ish e d  from the  san id in e  by 
a negative  u n iax ia l  s ig n  and ty p ic a l  secondary a l t e r a t i o n  to  
n a t r o l i t e .  A na lc ite  i s  i s o t r o p ic  and d isp la y s  nega tive  r e l i e f  when 
compared to  san id in e  in plane l ig h t .  A na lc ite  appears r e l a t i v e ly  
unaffected  by secondary a l t e r a t i o n .  Very f in e  g ra ins  of hem atite  
which presumably a l t e r e d  from primary m agnetite  a re  commonly enclosed 
in the  a n a lc i te .
Figure 12 shows a t e x tu r a l  f e a tu re  o f  th e  sh o n k in ite .  These 
dominantly f e l s i c  patches in  the  sh o n k in i te  c o n s is t  o f  approximately 
80% potassium fe ld sp a r ,  10% a u g ite ,  5% b i o t i t e ,  2% f a u j a s i t e ,  1% each
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Figure //. Faujasite enclosed in anhedral sanidine , faujasite altered to
n »grunge ,
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Figure 12. Felsic patches that locally occur in the shonkinite, note the mafic selvages at I he felsic 
patch boundary.
a e g ir in e ,  a p a t i t e ,  and m agnetite . The potassium fe ld sp a r  i s  very 
coarse  g rained , lo c a l ly  almost pegm atit ic , and shows a p e r t h i t i c  
te x tu re .  The te x tu re  o f  th e  patches could rep re sen t  a re a s  of 
v o l a t i l e  accumulation during th e  f in a l  s ta g es  of c r y s t a l l i z a t i o n ,  or 
may be evidence o f  in c ip ie n t  immiscible se p a ra t io n s  o f  sy e n i te  from 
sho nk in ite .  These f e l s i c  se g reg a t io n s  a re  commonly surrounded by 
mafic se lvages  o f  very coarse  grained b i o t i t e  and a u g ite .  Thus the  
argument fo r  v o l a t i l e  accumulation appears more r e a l i s t i c .
The feeder  d ike  fo r  Gordon Butte  i s  well exposed and con ta in s  
mafic pyroxenite  x e n o li th s ,  which range from 2 to  6 cen tim e te rs  in 
maximum dimension and a re  subangular to  well rounded. Elongate 
x e n o li th s  have t h e i r  long axes roughly p a r a l l e l  to  a flow l in e a t  ion 
defined by coarse  grained a u g ite  phenocrysts (see f ig u re  13).
The pyroxenite  x e n o li th s  co n ta in  ~87% d io p s id ic  a u g ite ,  5-8% 
a p a t i t e ,  3-5% b i o t i t e ,  and 1-2% m agnetite . The x e n o li th s  a re  rimmed 
by b i o t i t e  and lo c a l ly  a e g ir in e .  The d io p s id ic  a u g ite s  have a 2V ~ 
55-60*; they a re  anhedral and p le o c h ro ic a l ly  very l ig h t  green=X and 
tannish-green=Z. A egirine  a l t e r a t i o n  rims, as  well as  zoning, a re  
absent in  th e  xen o li th  c linopyroxenes. The a p a t i t e  appears as sub to  
euhedral (Imra -  1mm g ra in s  i n t e r s t i t i a l  to  th e  a u g ite .  B io t i t e  
occurs as subhedral to  euhedral g ra in s  with pleochroism as X=tan- 
brown and Z= dark brown. The b i o t i t e  r a r e ly  enc loses  m agnetite  and 
pyroxene. The o v e ra l l  t e x tu re  does not appear cumulate (see f ig u re  
14).
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Figure 13. Pyroxenite xenoliths in the feeder dike.
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Figure !4. Texture of a pyroxenite xenoiith in the feeder dike, xenoiith 
rimmed by biotite.
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The sh o n k in i te  in  th e  feeder d ike i s  s im i la r  to  th a t  of the  
l a c c o l i th  except in  co n ta in ing  2-3% o l iv in e  phenocrysts. The o l iv in e  
has a 2V ~ 85-90% a p o s i t iv e  b ia x ia l  s ign , and p a r a l l e l  e x t in c t io n .  
The o l iv in e  in th e  d ike  sh o n k in ite  occurs without rims of pyroxene, 
whereas the  t r a c e  amount o f o l iv in e  observed in the  basal c h i l l  zone 
of th e  l a c c o l i th  shows o l iv in e  co res  rimmed by pyroxene.
F igure  15 shows pyroxenite  x e n o li th s  w ith in  th e  l a c c o l i th ;  these  
x e n o li th s  a re  th e  only pyroxenite  found a t  Gordon Butte  and most 
l ik e ly  were included in  th e  sh o n k in i te  magma during ascent from 
depth. This p e c u l ia r  sh o n k in i te  sp o tted  with x e n o li th s  occurs mainly 
in th e  lower h a l f  o f  Gordon Butte  and lo c a l ly  toward th e  top of the  
in tru s io n .  The x e n o li th s  in  th e  la c c o l i th  lack th e  sharp boundaries 
and b i o t i t e  rims th a t  ty p i fy  th e  d ike x e n o li th s .  They a re  mere 
a u g i te - r ic h  c o n ce n tra t io n s  apparen tly  caught by c r y s t a l l i z a t i o n  
before  they f u l ly  e q u i l ib ra te d  with th e  magma. Mafic a u g i te - r ic h  
co n cen tra tio n s  nowhere accumulate w ith in  th e  l a c c o l i th ,  but remain 
separa ted .
F en ite
Two types o f  f e n i t e  e x i s t  a t  Gordon B utte :  fe n i t iz e d  country 
rock and fe n i t iz e d  c h i l l  zone (top c h i l l  zone). Both a re  very dense 
aeg ir ine -po tass ium  fe ld s p a r  rocks, green and w hitish  gray in co lo r .  
The ty pes  d i f f e r  in g ra in  s iz e ,  te x tu re ,  and mineral composition.
The f e n i t iz e d  country rock p rev ious ly  belonged to  the  Fort Union 
Formation. The sediments a re  f e n i t iz e d  in to  extremely f in e  grained.
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Figure t5. Pyroxenite xenoliths in the laccolith, biotite rims are tacking.
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green f e n i t es. Rarely th e se  f e n i t es show r e l i c t  bedding (see f ig u re  
16). However, th e  m ajo r ity  of the  f e n i t iz e d  country rocks have 
undergone complete metasomatism with r e c r y s t a l l i z a t i o n  destroy ing  any 
r e l i c t  bedding fe a tu re s .  The p r in c ip a l  t e x tu re  of th ese  f e n i te s  
include green and white lay e rs  around f e l s i c  seg reg a tions  and 
ind iv idua l f e l s i c  g ra in s  (see f ig u re  16).
In th in  se c t io n  th e  f e n i t iz e d  country rock i s  so f in e  grained 
th a t  o p t ic a l  de te rm ina tion  of th e  m inerals  i s  d i f f i c u l t .  However, 
ind iv idua l and aggregates  o f euhedral stubby a e g i r in e  g ra in s  (<lmm) 
commonly occur with a l t e r e d  c a l c i t e  and t in y  patches ( ( . 5mm) of 
anhedral potassium fe ld sp a r .  In hand specimen, p a r t i c u la r ly  in the  
f e n i t e  samples with th e  layered te x tu re ,  an iron  oxide weathering 
s t a in  appears to  be a sso c ia ted  with th e  w hite  f e l s i c  seg rega tio ns . In 
th in  se c t io n ,  th e  f e l s i c  a re a s  a re  seen to  con ta in  2-3% magnetite.
The f e n i t iz e d  c h i l l  zone c o n ta in s  30% very f in e  grained 
a e g ir in e ,  both stubby and needl e - l ik e  g ra in s ,  which show near 
p a r a l l e l  e x t in c t io n  and a re  b ia x ia l ly  nega tive . The needles appear 
as d i s c r e te  g ra in s ,  in  bundles, o r  in r a d ia l  mats (see f ig u re  17). 
Stubby a e g ir in e  g ra in s  a ls o  appear as d i s c r e t e  g ra in s  o r  in 
aggregates.
Approximately 65% o f  th e  f e n i t iz e d  c h i l l  zone co n ta in s  a medium 
to  coarse  (3mm -  7cm) grained potassium fe ld sp a r .  Sanidine i s  the  
dominant fe ld sp a r ,  ranging in  s i z e  from 3mm to  5mm. The san id ine  
g ra in s  a re  anhedral and commonly show s e r i c i t i c  a l t e r a t io n .
32
Figure 16. Relict bedding preserved in the fenite ( top photograph), 
layered texture in the fenite (bottom photograph).
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Figure !7. Radial mat of aegirine needles in fenite.
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O rthoclase  i s  th e  o th e r  potassium fe ld sp a r  in the  f e n i t iz e d  
sh o n k in i te ,  o p t i c a l l y  d is t in g u ish e d  from the  san id ine  by a 2V ~ 70®. 
The o r th o c la s e  occurs as extremely coarse  g ra in s  up to  7cm across , 
and a ls o  in medium g ra in s  3mm -  5mm across . The very coarse  
o r th o c la se  i s  p e r t h i t i c  and commonly observed in comb s t r u c tu r e ;  the 
o r th o c la se  g ra in s  apparen tly  grew perpend icu lar  to  f r a c tu re s  f i l l e d  
with f e n i t i z in g  f l u id s  (see f ig u re  18). The medium grained 
o r th o c la se  appears as  intergrown la th s  th a t  commonly show twinning.
The remaining 5% o f  th e  f e n i t iz e d  c h i l l  zone co n ta in s  f in e  
grained (<lmm -  3mm) euhedral m agnetite  (3-5%), and t r a c e  amounts of 
very coarse  (5mm) b i o t i t e  and a p a t i t e  g ra in s .  Augite r a r e ly  occurs, 
appearing as "ske le ton"  g ra in s  th a t  r e t a in  no o p t ic a l  p ro p e r t ie s .
The s k e le t a l  a u g i te s  a re  rep laced  by m agnetite  with a e g ir in e  needles 
c lu s te r in g  around the  c ry s t a l  boundary of each au g ite .  In a d d it io n  
to  t h e i r  g h o s t - l ik e  appearance, th e  a u g ite s  a re  q u i te  deformed (see 
f ig u re  19).
In most o f th e  f e n i t iz e d  c h i l l  zone sampled, the  f e n i t e  appears 
to  be bounded by sh o n k in ite .  In th e se  ad jacen t sh o n k in ite  zones 
p ro to c la s is  of a u g ite  and b i o t i t e  g ra in s  occur. The photomicrograph 
in f ig u re  20 shows f ra c tu re d  a u g ite  g ra in s  annealled  by a e g i r in e -  
a u g ite .  Textures such as t h i s  as  well as deformed b i o t i t e s  may 
a t t e s t  to  the  movement o f  f l u id s  w ith in  the  l a c c o l i th .
Fort Union Formation
The Fort Union Formation surrounds and form erly enclosed Gordon 
Butte . Weed (1899) d e sc r ib e s  the  Fort Union as  predominantly c la y -
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Figure 18. Comb-structure produced by fenite veins (or fractures) 
within the shonicinite.
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Figure 19. Deformed augite in contact with a radiai mat of aegirine.
3 mm
Figure 20. Fractured augite grains, anneaiied by aegirine-augite
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r ic h  sediments in terbedded with cross-bedded, crumbly sandstones and 
loca l impure lim estone lenses . Wolff (1938) l a t e r  commented th a t  
th e  Fort Union c o n ta in s  massive sandstone beds near th e  base of the 
form ation with sh a le s  above. Wolff a lso  noted the  r a r e  th in  
in te rb ed s  o f  lim estone. Sims (1964) however, working s p e c i f i c a l l y  on 
the  petro logy  o f  th e  Fort Union, described  th e  type se c t io n  of the  
form ation as a s e r i e s  o f  drab, mostly th in  bedded s i l t y  sandstones 
with occasional len ses  of lim estone. The average sandstone, 
according to  Sims (1964), co n ta in s  medium to  f in e -g ra in ed  quartz  and 
fe ld sp a r  g ra in s  which a re  subangular to  subrounded and cemented with 
carbonate . These s i l t y  sandstones co n ta in  very l i t t l e  c lay  sized  
m ate r ia l  or c lay  m inerals.
The Fort Union Formation surrounding Gordon Butte  most c lo se ly  
resembles Sims’ (1964) d e s c r ip t io n .  The sedimentary rock i s  a very 
s i l t y  sandstone: f in e  to  medium grained qu a rtz ,  fe ld sp a r ,  and 
m agnetite , massive, l ig h t  gray on a f resh  su r fa ce  but deep brown on a 
weathered su rface , and cemented with carbonate . Rarely interbedded 
with th e  s i l t y  sandstones a re  25-50 cm th ic k ,  medium grained, l ig h t  
tan , crumbly len ses  q u a r tz o fe ld sp a th ie  sandstone. These sandstones 
con ta in  b i o t i t e ,  m agnetite , and up to  25% 1i t h i c  fragments.
In the  d ra inage  c u t t in g  Gordon Butte  ( se c t io n  27, T 8 N, R 11 E) 
the  basal con tac t between th e  top 105 meters of the  shon k in ite  and 
the  Fort Union sediments i s  well exposed showing a bottom c h i l l  zone 
approxim ately one meter th ic k  (see f ig u re  21). The baked sedimentary
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Figure 2!. Basal contact between the top i0 5  meters of shonkinite and 
the Fort Union Formation sediments.
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rock (<.5m th ick )  i s  very hard and appears bleached or b u ff- tan  in 
co lo r  on a weathered su r fa c e .  On a fresh  su rface  however, the  rock 
i s  dominantly green with white fe ld sp a r  g ra in s  In th in
se c t io n ,  approxim ately 30% o f  f in e  grained a e g i r in e  i s  v isa b le  giving 
the  con tac t  rock th e  green co lo r .  The r e s t  o f the  rock i s  (1mm) 
g ra in s  o f qua rtz ,  fe ld sp a r ,  and m agnetite.
The presence of th e  Fort Union sandstones were important in 
mapping th e  s i l l  c o n ta c ts  th a t  surround the  main la c c o l i th  body of 
Gordon Butte . F igure  22 shows in  c ro s s - s e c t  ion the  con tact r e l a t i o n s  
observed when walking down and away from th e  c l i f f s  o f  shonk in ite , 
which form th e  l a c c o l i th  rim, in to  a s e r i e s  of s t a i r s t e p - l i k e  
hummocks. As drawn in th e  f ig u re ,  th e  rock types encountered a re  
sh o n k in i te  ( l a c c o l i th ) ,  sandstone, f e n i te ,  sh o n k in ite  ( s i l l ) ,  
sandstone, f e n i te ,  sh o n k in ite  ( s i l l ) ,  and f i n a l l y  sandstone. (Note 
th a t ,  as descrbed under th e  heading o f  Contact R ela tions , th e  s i l l s  
of sh o n k in ite  should be considered  as pa rt  o f  l a c c o l i th ) .
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Figure 22. Schema tic (jiagram of the stairstep-tike hummocks surrounding Gordon Butte 
(not to scale).
CHEMISTRY
Eleven samples were c o l le c te d  a t  Gordon Butte fo r  major element 
chemical a n a ly s is ;  an a ly ses  by X-ray Assay L abora to ries , Don M il ls . 
Ontario , see  p la t e  1 fo r  sample lo c a t io n s  and Table 1 fo r  the  
analyses. Ten o f  th ese  samples were c o l le c te d  to  rep resen t a 
v e r t i c a l  s e c t io n  th a t  begins in  th e  u na lte red  country rock, passes 
up through th e  l a c c o l i th ,  and includes the  f e n i t e  which caps the  
igneous rock.
F igure  23 re p re se n ts  the  v e r t i c a l  s e c t io n  in  major element 
c a t io n  percent fo r  aluminum, sodium, potassium, f e r r i c  iron  (not as 
t o t a l  i ro n ) ,  calcium, and magnesium. Within the  shonk in ite , 
potassium, f e r r i c  iron , and aluminum remain r e l a t i v e ly  constan t.  
Magnesium and calcium both in c rease  to  s e c t io n  #3 then gradually
decrease  to  a l e s s e r  percent in  s e c t io n  #5 and the  top c h i l l  zone.
Sodium i s  high in  the  bottom c h i l l  zone, drops to  a low in se c t io n  
#3, sh a rp ly  in c re a se s  u n t i l  s e c t io n  #5, only to  decrease  again in the  
top c h i l l  zone.
Several r e l a t io n s h ip s  may e x p la in  the  p a t te rn s  l i s t e d  above.
The magma was u n dersa tu ra ted , con ta in ing  an average o f  44 % s i l i c o n  
in c a t io n  percen t. Ionic  s u b s t i tu t io n  must have occurred with 
aluminum f i l l i n g  s i t e s  u su a l ly  occupied by s i l i c o n  in th e  s i l i c a
te trah ed ro n . The s u b s t i t u t io n  o f  aluminum fo r  s i l i c o n  genera tes  a
negative  charge, compensated fo r  by a v a i la b le  potassium ions. The 
a f f i n i t y  o f  aluminum and potassium would not only a id  the
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Figure 23. Whole - rock chemical analyses in cation percent for the vertical section at Gordon Butte.
c r y s t a l l i z a t i o n  o f  san id in e  but b i o t i t e  as w ell. Note th a t  in f igure  
24 th e s e  c a t io n s  have s im i la r  p a t te rn s  throughout the  v e r t i c a l  
s e c t io n .
Aluminum and potassium both inc rease  markedly across  the  con tact 
between the  top  c h i l l  zone and the  f e n i t e  zone. The f e n i te  zone 
c o n ta in s  approxim ately 15% more potassium fe ld sp a r  than the  
sh o n k in i te .  Metasomatic f e n i t i z in g  so lu t io n s  appear to  have enriched 
the  f e n i t e  in  th e se  two elements.
Another r e l a t io n s h ip  e x i s t s  in  the  sh o n k in ite  between the  
behavior o f th e  d iv a len t  ions, calcium and magnesium, and the  
monovalent sodium ion. The a l t e r a t i o n  of a u g ite  to  a e g i r in e -a u g i te  
along th e  rims o f  the  phenocrysts p resen ts  a p lau s ib le  exp lanation  
fo r  th e  p a t te rn s  o f calcium, magnesium, and sodium. A eg irine-aug ite  
is  p a r t  o f  th e  s o l id  s o lu t io n  s e r i e s  between a e g ir in e  (NaFe-r») and 
a u g ite  (Ca(Mg,Fe+*)). Ion ic  s u s t i t u t i o n  o f  sodium and f e r r i c  iron  
in to  th e  c ry s ta l  l a t t i c e  fo r  calcium and magnesium would a l t e r  the  
chemical composition of th e  rock. F e r r ic  iron  would not n e c e ssa r i ly  
have to  be added to  th e  c r y s ta l  l a t t i c e  from the  melt because fe rrous  
iron  a lread y  in  the  l a t t i c e  could be ox id ized . However, e le c tro n  
microprobe data  on f iv e  a u g ite  phenocrysts with a e g ir in e -a u g i te  rims 
in d ic a te s  the  t o t a l  iron  content ( in  c a t io n  percent) increases  from 
an average of 5% in the  a u g ite  co res  to  as high as 18% in  the  a l te re d  
rims. These d a ta  show iron  was probably added to  th e  c ry s ta l  l a t t i c e  
during a e g i r in e  a l t e r a t i o n .
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Figure 24. Microprobe data in cation percent for an augite phenocryst in the dilie shontdnite, included 
for comparison is the particular cation percent value for each element represented from the 
ctinopyroxene in the xenoHth, plotted as open triangle.
The degree of a e g i r in e  a l t e r a t i o n  corresponds n ice ly  to  the  
p a t te rn s  observed fo r  calcium, magnesium, and sodium, although not 
fo r  f e r r i c  iron . The c a t io n  percent fo r  calcium and magnesium a re  
h ighes t in  s e c t io n  #3, which c o n ta in s  only t r a c e  amounts of a eg ir in e  
a l t e r a t i o n  rims on th e  a u g ite  phenocrysts. Compare f ig u re  23 to  the 
modes repo rted  fo r  th e  v e r t i c a l  s e c t io n  in Table 2.
Six th in  s e c t io n s  were se le c te d  fo r  microprobe a n a ly s is :  a 
sample o f  the  d ike  sh o n k in i te  with a pyroxenite  xeno lith , the  bottom 
c h i l l  zone, s e c t io n  #1, s e c t io n  #4, s e c t io n  #5, and a f e n i t iz e d  
sh o n k in ite .  These s ix  th in  s e c t io n s  con ta in  zoned a u g ite  
phenocrysts. Appendix A c o n ta in s  th e  microprobe r e s u l t s .
F igure 24 graphs th e  percent o f sodium, calcium, magnesium, 
t o t a l  iron , aluminium, and t i tan iu m  c a t io n s  per 24 oxygens in a zoned 
a u g ite  phenocryst from th e  dike  shonk in ite .  Probing of the  a u g ite  
phenocryst included th e  o u te r  a e g i r in e  a l t e r a t i o n  rim, two 
su ccess ive ly  co n cen tr ic  inner zones, and th e  au g ite  core. Also 
p lo t te d  on f ig u re  24 i s  th e  probe d a ta  fo r  th e  clinopyroxene in the  
pyroxenite  xeno li th  fo r  comparison between th e  compositions of the  
xen o li th  c linopyroxene and th e  core  o f  th e  au g ite  in  th e  shonk in ite .
The core o f  th e  a u g ite  phenocryst shows a s im ila r  composition to  
th a t  o f  the  x en o li th  clinopyroxene fo r  th e  elements magnesium, 
sodium, t o t a l  iron , and calcium. Both aluminium and t i tan iu m  a re  
s l ig h ly  h igher  in the  core  of the  s h o n k in i t ic  a u g ite  compared to  the  
x e n o li th  c l  inpyroxene. The a e g i r in e  a l t e r a t i o n  rim on the  a u g ite
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phenocryst shows enrichment in sodium, t o t a l  iron, and titan ium . The 
a e g i r in e  rim i s  dep le ted  in magnesium, calcium, and aluminium.
The d a ta  show th a t  th e  a u g ite  phenocrysts in the  shonk in ite  were 
in eq u il ib riu m  with and probably o r ig in a te d  from the  same magma th a t  
c r y s t a l l i z e d  th e  c linopyroxenes found in the  xeno lith . The cores of 
the  a u g ite  phenocrysts a re  e s s e n t i a l l y  the  same composition as the  
c linopyroxene cores.
F igure 25 graphs th e  c a t io n  percent da ta  obtained from probing 
f iv e  a u g ite  phenocrysts . The f iv e  a u g ite s  rep resen t phenocrysts in 
th e  d ike  sh o n k in ite ,  the  bottom c h i l l  zone, and v e r t i c a l  se c t io n  # 1, 
#4, and #5. Probe da ta  was obtained from th e  a e g ir in e  a l t e r a t io n  rim
and th e  core  o f each of th e  f iv e  a u g ite  phenocrysts.
The follow ing o b se rva tion s  can be made from the  graphs in f ig u re  
25. The sodium and t o t a l  iron  content in  th e  a e g ir in e  a l t e r a t io n  
rims a re  g re a te s t  in  the  d ike  samples. The amount o f sodium and iron 
decreases  in th e  a e g ir in e  rims with increased  height in  the  v e r t i c a l  
s e c t io n .  Conversely, calcium and magnesium con ten ts  a re  g re a te s t  in 
the  a e g ir in e  rims o f  s e c t io n  #5, which i s  c lo se  to  the  top of the
l a c c o l i th .  Aluminum behaves e r a t i c a l l y  and no general t ren d s  can be
recognized. The co res  of a l l  the  a u g ite s  show low t o t a l  iron  and 
sodium co n ten ts ,  and high calcium and magnesium con ten ts .
As in th e  whole-rock analyses, th e re  e x i s t s  a r e la t io n s h ip  
between th e  behavior o f th e  calcium and magnesium ions and th e  sodium 
and iro n  ions. The a e g i r in e -a u g i te  rims in th e  upper part  of th e
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l a c c o l i th  c o n ta in  more calcium and magnesium than the  success ive ly  
lower v e r t i c a l  s e c t io n s .  While th e  a l t e r a t i o n  rim content of sodium 
and iro n  show th e  exact re v e rse  tren d s , ie :  much h igher sodium and 
iron  in  th e  bottom s e c t io n s  and lower values fo r  success ive ly  higher 
s e c t io n s .  The a u g ite  co res ,  r e g a rd le s s  o f p o s i t io n  in the  v e r t i c a l  
s e c t io n ,  co n ta in  s im i la r  compositions fo r  each re sp ec t iv e  indiv idual 
ion rep resen ted .
In summary, the  chemical analyses of Gordon Butte show a 
v a r i a t io n  in composition from the  bottom o f the  la c c o l i th  to  the  top. 
C erta in  elements, most n o t ic ab ly  sodium, appear to  have been q u i te  
mobile in  th e  sh o n k in i t ic  magma. The m obility  of elements w ith in  a 
magma re q u ire s  a medium, most l ik e ly  an a c t iv e  v o l a t i l e  phase, to  
e f f e c t iv e ly  t r a n s p o r t  th e  elements and p e n e tra te  the  e n t i r e  in tru s iv e  
body.
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NATURE OF VOLATILE TRANSFER
The preceding d e s c r ip t io n s  and chemical analyses of Gordon Butte 
in d ic a te  s u b t le  d i f f e r e n t i a t i o n .  Previous s tu d ie s  (Wolff, 1938,
Larsen and Simms, 1972) desc r ib e  d i f f e r e n t i a t i o n  a t  Gordon Butte as 
r e s u l t in g  from c r y s ta l  s e t t l i n g .  However, the  shonk in ite  lacks the  
d i s t i n c t i v e  t e x tu r a l  f e a tu re s  th a t  accompany the  d i f f e r e n t i a t io n  
process o f  c r y s ta l  f r a c t io n a t io n .  Except fo r  the  occurrence of the  
f e l s i c  patches, described  in the  previous s e c t io n , th e  shonk in ite  
lacks th e  d ia g n o s t ic  sy e n i te  cap th a t  may in fe r  l iq u id  im raiscib ility  
d i f f e r e n t i a t i o n .  Instead , the  t e x tu r a l ly  uniform but composit to n a lly  
varied  sh o n k in i te  appears to  have evolved through v o l a t i l e  t r a n s fe r .
D i f f e r e n t i a t io n  o f  a magma by v o l a t i l e  t r a n s f e r  i s  not as well 
documented as th e  p rocesses  of c r y s ta l  f r a c t io n a t io n  or l iq u id  
im m isc ib i l i ty  because o f  a shortage  of r e la te d  experimental data . 
Empirical s tu d ie s  in d ic a te  gaseous t r a n s f e r  o f  v o l a t i l e s  commonly 
carry ing  a lk a l i e s  and o th e r  c o n s t i tu e n ts  upward in, and u ltim ate ly  
out o f, th e  magma may be an important cause of the  v a r ia t io n  in 
chemical composition o f  igneous bodies (Hyndman, 1985, p .397). 
Although v o l a t i l e  t r a n s f e r  i s  considered an accep tab le  means of 
d i f f e r e n t i a t i o n ,  t h i s  p rocess i s  ty p ic a l ly  a ssoc ia ted  with la te ,  
h igh ly  evolved, re s id u a l  magmatic even ts such as hydrothermal f lu id  
genera tion  o r  second b o i l in g  phenomena.
Numerous f e a tu re s  a t  and around Gordon Butte  suggest the  magma 
contained  a high v o l a t i l e  con ten t. These f e a tu re s  include f e n i te  and
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â uniformly coa rse -g ra in ed  sh o n k in ite  con ta in ing  primary hydrous 
m inera ls , s t ro n g ly  zoned pyroxene phenocrysts, and pyroxenite  
x e n o li th s .  The x e n o li th s  may be the  r e s u l t  o f  high vapor p ressu res ;  
a high v o l a t i l e  content may ac t as  a p ro pe llan t  fo r  rap id  ascent of 
an a lk a l in e  magma from upper mantle depths carry ing  with i t  
u l tra m a f ic  and pyroxenite  nodules (Mysen, 1975). C learly  the  
fe a tu re s  l i s t e d  above in d ic a te  the  a c t iv i t y  of v o l a t i l e s  in the  
Gordon Butte  magma was n e i th e r  ex c lu s iv e ly  e a r ly  nor l a t e ,  but 
perhaps a combination of both.
F e n ite  capping th e  l a c c o l i th ,  feeder dike, and ind iv idua l s i l l s  
i s  th e  s t ro n g e s t  f i e ld  evidence of a parent magma r ic h  in v o l a t i l e s  
and an "ea rly"  v o l a t i l e  t r a n s f e r  event. F e n i t iz a t io n  ty p ic a l ly  
occurs around a lk a l i c  complexes. Lebas (1977) and Robins and 
Tysseland (1979) a t t r i b u t e  i t  to  a dense, p en e tra t ing  f lu id  phase 
r ic h  in  carbon d ioxide , a lk a l i e s ,  f e r r i c  iron , and aluminum th a t  
precedes in t ru s io n  of th e  a lk a l in e  magma.
A magma which c r y s t a l l i z e s  sh o n k in ite  con ta in s  e s s e n t ia l ly  a 
b a s a l t i c  composition. However, a sh onk in ite  with up to  20% hydrous 
m inerals  must have remained high in  v o l a t i l e s  even a f t e r  generation  
of f e n i t i z in g  s o lu t io n s .  In ad d it io n ,  th e  abundant zoned pyroxene 
phenocrysts in d ic a te  th a t  the  chemical composition of the  magma was 
in  a s t a t e  o f  f lu x . Thus, a mental p ic tu re  o f  d i f f e r e n t i a t i o n  by 
v o l a t i l e  t r a n s f e r  a t  Gordon Butte  must include an "early" 
f e n i t i z a t i o n  event accompanied by a " l a t e r "  high v o l a t i l e  in fluence  
on mineral composition and te x tu re .
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PROPAGATION OF THE FENITIZING SOLUTIONS
Table 3 l i s t s  the  mineral composition o f  the  shonk in ite  and 
in d ic a te s  th e  v o l a t i l e  phase contained water and phosphate. Although 
not obvious from th e  mineral composition, carbon d ioxide was a lso  
presumably p resen t .  Carbon d iox ide  as a v o l a t i l e  component i s  infered 
from th e  a s s o c ia t io n  of the  mantle as a source fo r a lk a l in e  magma. 
Under mantle tem pera tures  and p ressu res  a lk a l in e  magmas are  
c h a r a c t e r i s t i c a l l y  sa tu ra te d  with carbon dioxide (Rock, 1976). There 
i s  a general consensus in  the  cu rren t  l i t e r a t u r e  th a t  carbon dioxide 
p lays an important ro le  in the  o r ig in  and d i f f e r e n t i a t i o n  of a lk a l in e  
in tru s io n s .
The s o l u b i l i t y  of carbon d iox ide  in a lk a l in e  s i l i c a t e  melts 
in c re a se s  with inc reas ing  p ressu re  and tem perature  (Mysen, 1975). 
Mysen (1975) argued th a t  a low degree of polym erization in the  melt 
tends to  in c rease  the  s o l u b i l i t y  o f  carbon d ioxide. Mysen (1975) 
found th a t  a t  upper mantle co n d it io n s  carbon dioxide i s  s to red  in 
u l t r a b a s ic  m elts as  carbon d ioxide  molecules and carbonate anions. 
Using quenched s i l i c a t e  l iq u id s  and in f ra - re d  spectrom etric  
techn iques  Mysen (1975) observed th a t  a d io p s id ic  melt con ta in s  34- 
44% more so lu b le  carbon d ioxide  than  a j a d e i t i c  melt; apparently  
because th e  d io p s id ic  melt i s  much le s s  polymerized than i t s  j a d e i t i c  
c o u n te rp a r t .  A lb i te  m elts  were found to  d is so lv e  only a minor 
carbonate  anion component. However, the  a d d it io n  of water to  the  
a l b i t e  melt e s s e n t i a l l y  depolymerized the  s i l i c a t e  s t ru c tu r e  and
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Table 3. Mineral composition of the Shonkinite
Mineral Composition V o la t i le  c o n s t i tu e n t
Augite (Ca,Na)(M g,Fe,Al)(Si,Al)^0^
A eg ir ine -au g ite (Na.CaXFe^^.Fe^^-Mg.ADSijOg
Aegirine NaFe^^SijOj
Sanidine KAlSijOg
B io t i te K(Mg,Fe)3 (A l .S i30jQ)(0H)2 Ĥ O
Nepheline (Na.K)AlSiO.
F a u ja s i te (Naj i , C a ) i ^ 5Al3 jSig • IftHjO Ĥ O
A nalc ite NaAlSi Og . HgO Ĥ O
A patite Cac(P0̂ )3(F,Cl,0H)
Magnetite
Sphene CaTiO(SiO,)
promoted s t a b i l i z a t i o n  o f  th e  carbonate  anion.
S o lu b i l i t y  o f  water in a lk a l in e  s i l i c a t e  melts apparently  
does not depend on th e  bulk composition of the  melt. Presumably 
then, water and carbon d ioxide  op era te  under d i f f e r e n t  s o lu b i l i ty  
mechanisms (Mysen, 1975). This d i f fe re n c e  in the  s o lu b i l i t y  of 
carbon d iox ide  and water may provide the  means to  generate  a separa te  
s u p e r - c r i t i c a l  f lu id  phase during in tru s io n  of an a lk a l in e  magma.
Fyfe and o th e rs  (1978, p .60) rep o rt  t h a t ,  above upper mantle 
p ressu re s  and tem peratures carbon d iox ide-w ater mixtures e x is t  as a 
s in g le -p h ase  s u p e r - c r i t i c a l  f lu id .  Apparently below these  pressure  
and tem perature  co n d it io n s  a d ens ity  invers ion  of th e  s in g le  phase 
carbon d iox ide-w ate r  occurs. Carbon dioxide in v e r ts  from a dense 
phase a t  high p ressu re s  to  a l ig h t e r  phase a t  low p ressures . This 
inv ers io n  may a ls o  in f lu ence  the  phase sep a ra t io n  of carbon dioxide 
and water.
Mysen’s  (1975) work on th e  s o l u b i l i t y  o f carbon dioxide in 
se p a ra te  s tu d ie s  o f  a l b i t e ,  nepheline, and j a d e i t e  melts found th a t  
a t p ressu re s  of 20kb th e  weight percent of so lub le  carbon dioxide 
could be as high as 2-3 wt.% but as p ressu res  drop to  5kb the 
s o l u b i l i t y  of carbon d iox ide  drops to  le s s  than 1 w t.%. Mysen 
sugg es ts  th a t  th e  r e l a t i v e l y  small s o l u b i l i t y  of carbon dioxide in 
s i l i c a t e  m elts as  compared with water provides the  means of 
genera ting  a se p a ra te  f lu id  phase during magmatic evo lu tion  in the  
upper mantle. For in s tan ce , 0 .2  wt.% so lub le  carbon dioxide in the
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source reg ion  of a b a s a l t i c  melt a t  15-20kb can s a tu r a te  10% p a r t i a l  
melt. Even i f  th e  i n i t i a l  melt i s  under-sa tu ra ted  in carbon dioxide^ 
the  s tro n g  p o s i t iv e  p ressu re  and tem perature dependence of carbon 
d iox ide  may lead to  s a tu r a t io n  during cooling or decompression of the 
magma, o r  both (Mysen, 1975). F igure 26 schem atica lly  rep re se n ts  the 
genera tion  of a se p a ra te  carbon d io x id e - r ic h  f lu id  phase with 
magmatic ascen t, assuming a melt sa tu ra te d  with carbon dioxide.
COMPOSITION OF THE EARLY FLUID PHASE
The composition o f  the  e a r ly  v o l a t i l e  f e n i t iz in g  so lu t io n s  i s  
not well understood (Lebas, 1977). The so lu t io n s  must co ns is t  
p r im arily  o f  carbon d iox ide  i f  f e n i t i z a t i o n  i s  r e la te d  to  e a r ly  
e x so lu tio n  o f  a carbon d io x id e - r ic h  f lu id  (Sch isse l,  1963). Since 
the  sh o n k in i te  magma was basic  in composition and contained water, as 
evidenced by hydrous m inerals , presumably th e  exsolved f lu id  phase 
conta ined  both carbon d iox ide  and carbonate  anions. Although Mysen’ s 
(1975) experimental work does not rep o r t  the  presence of b icarbonate 
in the  exsolved f lu id  phase, i t  seems reasonable  to  in fe r  i t s  
presence, as
COe + COa-« + HgO SHCOa” .̂
F e n i t iz in g  s o lu t io n s  c a r ry  metal ions such as f e r r i c  iron. Assuming 
f e r r i c  iron  w i l l  be d isso lved  in th e se  so lu t io n s ,  a s l i g h t l y  a c id ic  
pH i s  req u ired .
F e n i t iz in g  s o lu t io n s  possess considerab le  solvent a b i l i t i e s ,  
which, according to  Krauskopf (1979, p .617) i s  c h a r a c t e r i s t i c  of
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s u p e r - c r i t  i c a l  f l u id s  a t  high confin ing  p ressu res . Common elements 
so lu b le  in  th e se  s o lu t io n s  include sodium, potassium, f e r r i c  iron, 
aluminum, and th e  minor element barium. H ild re th  (1979) showed th a t  
d isso lved  v o l a t i l e s  in a f lu id  enhance c a t io n  m obility , both through 
cofflplexing and increas in g  c a t io n  s o lu b i l i t y .
S ch isse l  (1983) looking a t f e n i t i z a t i o n  around an a l k a l i -  
fe ld s p a r  sy e n i te  in the  Haines Point A lkalic  Complex of northwestern 
Montana, suggests  carbonate  complexing i s  resp onsib le  fo r  
m o b il iza tio n  o f  th e  elements sodium, potassium, f e r r i c  iron, and 
aluminum in f e n i t i z in g  s o lu t io n s .  S ch isse l exp la ins  th a t  complexing 
between both aluminum and f e r r i c  iron  with the  carbonate anion would 
s h i f t  th e  equ il ib rium  constan t toward g re a te r  s o lu b i l i t y  of these  
metal ions in  th e  f lu id .  These carbonate  complexes would then 
re q u ire  monovalent ions such as sodium and potassium to  move with the 
s o lu t io n s  to  m aintain  e l e c t r i c a l  n e u tr a l i ty -  D issoc ia tion  of these  
complexes with p r e c ip i t a t io n  o f  th e  metal ions in the  f e n i te  zone 
would r e s u l t  from decreasing  p a r t i a l  p ressu res  o f  carbon dioxide as 
th e  so lu t io n s  p e n e tra te  th e  country rock.
Carbonate complexing im plies s p e c i f i c  cond itions  in the  v o l a t i l e  
phase th a t  were not n e c e s s a r i ly  p resen t in the  Gordon Butte magma. 
Complexing r e q u i r e s  a high concen tra tion  of th e  complexing agent be 
p resen t in  th e  f lu id  phase, th a t  i s ,  th e  carbonate  anion, aluminum, 
and f e r r i c  iron  c a t io n s .  There w il l  only be a high concen tra tion  of 
th e  carbonate  anion in th e  f lu id  phase i f  con d it io ns  a re  q u i te  basic  
such as  pH equal to  8 .3  a t  25® C and 1 atm (C liffo rd , 1961, p .210).
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However, as d iscussed  above, i f  the  magma contained both d is c re te  
carbon d iox ide  as  well as water, th e  o r ig in a l  s u p e r - c r i t i c a l  carbon 
d iox ide -w a te r  f lu id  phase was most l ik e ly  s l i g h t l y  a c id ic  because of 
th e  r e a c t io n :
C0« + CO3"* + HftG SHCOa-* .
S o lu tio ns  con ta in ing  d isso lved  carbon d ioxide  alone a re  considered 
a c id ic .
Assuming th a t  upon emplacement of a carbon dioxide-w ater r ic h  
magma from depth and subsequent p ressu re  r e le a s e ,  an a c id ic  carbon 
d iox ide  f lu id  phase exsolves. Thus, the  a c id ic  cond itions  of the  
f lu id  a re  a l l  t h a t  i s  necessary  to  m obilize elements l ik e  sodium, 
potassium, aluminum, and f e r r i c  iro n ;  carbonate complexing i s  not a 
p re r e q u is i te  fo r  t h e i r  m ob il iza tion . Once th e  f e n i t iz in g  so lu t io n s  
lose  th e  p a r t i a l  p ressu re  requ ired  to  keep carbon dioxide d isso lved  
in th e  f lu id ,  d i s s o c ia t io n  o f  the  carbon d io x id e -r ic h  f lu id  follows.
The sediments o f  the  Fort Union Formation in the  f e n i t e  zone 
were o r ig in a l ly  q u i te  ca lca reous . However, f e n i t i z a t io n  did not 
produce any metasomatic carbonate  m inerals. This observation  favors 
s l i g h t l y  a c id ic  f e n i t i z in g  so lu t io n s .  Bicarbonate would c e r ta in ly  
i n h ib i t  th e  form ation  of metasomatic carbonate  m inerals.
Experimental work shows th a t  a t  S5® and 1 atm bicarbonate 
so lu t io n s  a re  q u i te  b as ic  (C lif fo rd ,  1961, p. 210). Such so lu t io n s  
would be expected to  produce carbonate  m inerals . However, 
p r é c ip i t â t  ion of carbonate  m inerals  from b icarbonate  so lu t io n s
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r e q u i r e s  water to  be p resen t in the  system, such th a t  the  following 
r e a c t io n  occurs :
HCOa“ + HaO = HaCQa + OH".
This hydra tion  r e a c t io n  develops a pH equal to  8 .3 . The carbonic 
acid  product occurs  e s s e n t i a l l y  as water and carbon dioxide.
C l i f fo rd  (1961, p . 150) ex p la in s  th a t  le s s  than o f  carbonic acid is
a c tu a l ly  p resen t in an aqueous so lu t io n  of carbon dioxide.
At Gordon Butte , metasomat ic  mineral growth in the  f e n i te  zone 
does not form any hydrous m inerals. Perhaps the  fe n i t iz in g  so lu t io n s  
were e i t h e r  anhydrous o r , more l ik e ly ,  contained a low concen tra tion  
of w ater. Aqueous s o lu t io n s  of carbon dioxide do not c r y s t a l l i z e  
carbonate  m inerals , because o f  the  a c id ic  pH of the  so lu t io n  
(C l if fo rd ,  1961, p . 151).
COMPOSITION OF THE WATER-RICH FLUID PHASE
Figure 26 in d ic a te s  th a t  th e  s o l u b i l i t y  o f  water in s i l i c a t e  
m elts remains f a i r l y  constan t with changes in pressure . During 
in tru s io n ,  and a f t e r  genera tion  o f  th e  f e n i t iz in g  so lu t io n s ,  a super­
c r i t i c a l  f lu id  phase con ta in ing  water would have remained disso lved  
in th e  magma. Enough water remains to  in fluence  the  m obility  of 
c e r t a in  elements toward th e  top o f  th e  la c c o l i th ,  thus a f fe c t in g  the 
type o f  m inera ls  c r y s t a l l i z e d  and the  te x tu re  of the  r e s u l t in g  rock.
T ex tu ra l ly , f r a c tu re s  appear in  the  sho nk in ite  near the  top of 
th e  l a c c o l i th  th a t  a re  composed e x c lu s iv e ly  of f e n i te  which suggests 
two in fe re n c e s :  (I) th a t  some carbon d iox ide  remained d isso lved  in
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th e  w ater-bearing  magmatic f lu id  phase, and (2 ) th a t  the  generation 
of f e n i t i z in g  s o lu t io n s  con tinues a f t e r  emplacement of the  magma 
(see f ig u re  27).
Elements showing th e  g re a te s t  m obili ty  in the  magma include 
sodium, niobium, zirconium, and barium. These elements show 
enrichment toward th e  top  of the  l a c c o l i th ,  and fo r  barium enrichment 
in  th e  f e n i t e  cap rock. The water bearing v o l a t i l e  phase functions 
q u i te  e f f e c t iv e ly  as  th e  means of t ra n sp o r t in g  so lub le  elements 
w ith in  th e  l a c c o l i th .
Water i s  th e  dominant so lv en t,  the  dominant chemical t ran sp o r t  
agent, and th e  dominant s i l i c a t e - r e a c t i o n  c a ta ly s t  (Fyfe and o thers ,  
1978, p .47). Water i s  one of th e  best so lv e n ts  fo r  inorganic 
m a te r ia ls  because th e  e l e c t r i c a l  charge on a water molecule i s  
asymmetric. One s id e  o f  the  c e n t r a l  oxygen c a r r i e s  the  hydrogen 
atoms and a net p o s i t iv e  charge, th e  o ther  s id e  c a r r i e s  the  lone 
p a ir ,  o r  non-bonded, e le c t ro n s  of the  oxygen thus generating a net 
neg a tive  charge. The asymmetrical arrangement of the  charge exp la ins  
th e  water m olecules’ a b i l i t y  to  so lv a te  both negative  and p o s i t iv e  
ions in  so lu t io n .  The charge arrangement of the  strong hydrogen 
bonds a ls o  e x p la in s  th e  a s so c ia t io n  o f  water molecules with each 
o th e r  in  the  f l u id  phase. Above th e  c r i t i c a l  point fo r  water the  
degree of a s s o c ia t io n  decreases.
Fyfe and o th e r s  (1978, p .25) re p o r t  th a t  i f  water pressure  
equals  1i t h o s t a t i c  p ressu re , water may be expected to  d is s o c ia te
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Figure 27. Fractures in the upper part of the laccolith that contain fenite and comb-structure texture.
in c re a s in g ly  with depth. The d is so c ia t io n  constant fo r water (10"^^) 
a t  room tem pera ture  can change to  values near 10-« a t tem peratures 
occu rring  a t  th e  base of th e  c ru s t ,  thus the  ’ neutral* pH w ill  a lso  
change with depth. Krauskopf (1979) contends th a t  reg a rd less  of 
tem perature , pH depends on the  amount of acid supplied to  the  system 
and th e  d i s s o c ia t io n  c o n s tan ts  of the  ac ids  present.
The pH o f  th e  f lu id  phase becomes important in v o l a t i l e  
t r a n s f e r .  The f lu id  phase should m aintain a s l i g h t l y  a c id ic  pH as 
the  confin ing  p ressu re  keeps carbon dioxide in so lu t io n .  During 
emplacement o f th e  magma the  confin ing  p ressu re  decreases which 
t r i g g e r s  th e  e x so lu tio n  o f  the  f e n i t iz in g  so lu t io n s .  However, not 
a l l  o f  the  carbon d iox ide  exsolves a t  once. The remaining carbon 
d iox ide  con tinu es  to  exsolve as th e  magma e q u i l ib ra te s  to  the  new, 
lower p ressu re  co n d it io n s . As long as so lu b le  carbon dioxide e x i s t s  
in th e  water phase in  th e  magma, a c id ic  cond it io ns  should p e r s i s t .
Since r e l a te d  experim ental work on both v o l a t i l e  t r a n s f e r  and 
f e n i t i z a t i o n  i s  sev e re ly  lacking , th e  co nd it ions  of pH can only be 
in fe r re d  from th e  mineral composition and te x tu ra l  re la t io n s h ip s  in 
the  rock.
PRESSURE AND TEMPERATURE CONSTRAINTS OF VOLATILE TRANSFER
Although th e  exact p ressu re  con d it io ns  th a t  influenced the  
s o l i d i f i c a t i o n  of th e  Gordon Butte  magma a re  d i f f i c u l t  to  a sc e r ta in ,  
th e  magma probably s o l i d i f i e d  under very low p ressu res  o f le s s  than 
Ikb. The magma th a t  formed Gordon Butte  apparen tly  in truded the
62
lower pa rt  o f  th e  Tongue River Member of th e  Fort Union Formation 
(Simms, 1966). The Tongue River Member, a lso  re fe r re d  to  as the  
M elv il le  Formation of the  Fort Union Group (F ie lds, 1957), i s  the 
youngest member o f the  Fort Union. Because th e  Tongue River Member 
i s  approxim ately 250 m eters th ic k  (Ballard and o thers ,  1983), and no 
younger sediments were deposited  before emplacement of the  la c c o l i th ,  
th e  p ressu re  imposed on the  in truded magma was le s s  than Ikb. (Using 
an average d e n s i ty  of 2 .2  g/cm* and an average th ickness  of 250 
meters th e  p ressu re  imposed on th e  magma was approximately 863 b a r s . )
The tem perature  o f  v o l a t i l e  t r a n s f e r  in  the  Gordon Butte magma 
was presumably near molten magmatic tem peratures, in o rder th a t  f lu id  
m igra tion  involving la rge  amounts o f c o n s t i tu e n ts  e x i s t .  The 
presence of c e r t a in  m inerals  over o th e rs  in both the  f e n i te  and 
sh o n k in i te  he lp  d e l in e a te  the  tem perature boundaries o f v o l a t i l e  
t r a n s f e r .  Not only a re  th e  s t a b i l i t y  l im i ts  of the  ind iv idual 
m inerals  important but th e  presence of v o l a t i l e s  w il l  a lso  e f f e c t  the  
tem perature  o f  d i f f e r e n t i a t i o n .
P«o«Ai must equal th e  sum of p lus Pe«vbor> aioMia* plus
the  P*f .My f l u i d . ,  so th a t  when P # . t . i  i s  g re a te r  than the  P . f
.My .» • fluid th e  r e a c t io n  boundaries must be modified.
Hyndman (1985, p .530) suggests  when the  mole f ra c t io n  of water in a 
f lu id  phase i s  0 .5 ,  o r h a l f  th e  load pressure , th e  tem perature of a 
r e a c t io n  boundary i s  approxim ately th a t  a t h a l f  of load pressure . 
E x trap o la t in g  from t h i s  simple approximation and assuming the
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a t  Gordon Butte  was l e s s  than perhaps the  re a c t io n  boundaries
and s t a b i l i t y  l im i t s  of th e  f e n i t e  and shon k in ite  minerals would 
r e f l e c t  p ressu re  co n d it io n s  c lo s e r  to  430 bars  versus 860 bars.
Using 430 bars  and th e  s t a b i l i t y  l im i ts  of the  following rea c t io n  and 
th e  p ressu re - tem p era tu re  grid  in Hyndman (1985, p .522) v o l a t i l e  
t r a n s f e r  may be estim ated  to  include the  following tem perature:
o r th o c la s e  sa n id in e .......................................................  625®
(O rv il le ,  1963)
Ernst (1968) working with the  s t a b i l i t y  l im i ts  of a e g ir in e  f inds  the 
upper l im it  o f  a e g i r in e  to  be in th e  range o f  780-870®. Thus, an 
e s t im a tio n  of th e  tem peratures involved in v o l a t i l e  t r a n s f e r  range 
between 625-870®.
MECHANICS OF VOLATILE TRANSFER
The a c tu a l  movement o f  v o l a t i l e s  and d isso lved  components i s  not 
well understood. Advocates o f gaseous or v o l a t i l e  t r a n s f e r  describe  
th e  ’ mechanics’ o f  th e  process as simply the  r i s e  of a v o l a t i l e  phase 
toward th e  top  o f  th e  in tru s io n  o r  magma chamber. Rittmann (1975) 
favors  the  argument of th e  pneumatolytic elements ( e .g . :  sodium, 
iron , manganese, t i tan iu m , zirconium, niobium) d isso lv ing  in to  the  
gas phase a t  high p ressu re s  and r i s i n g  toward the  su rface  in bubbles. 
At lower p ressu re s  the  bubbles become oversa tu ra ted  and re le a se  the 
excess d isso lved  elements thus  a l t e r in g  th e  composition of the  
surrounding m elt. H ild re th  (1979) instead  no tes th a t  in the  
r h y o l i t e - d a c i t e  rocks o f  th e  Bishop Tuff the  l ig h t  v o l a t i l e s  (water
6^
with d isso lved  lith ium , beryllium , sodium, niobium) follow s i l i c a  
toward th e  top  o f  the  magma chamber. The heav ier  elements 
(potassium, magnesium, calcium, iron , strontium , barium) concentra te  
in th e  lower p a rt  o f the  chamber.
At Gordon Butte , v o l a t i l e  t r a n s f e r  was th e  dominant 
d i f f e r e n t i a t i o n  process which caused the  following enrichment 
p a t te rn s :  sodium, zirconium, niobium, barium, and strontium  show 
s tro ng  enrichment toward th e  top of the  l a c c o l i th ;  f e r r i c  iron, 
aluminum, and potassium show only a s l ig h t  upward enrichment, and 
calcium and magnesium a re  enriched in the  cen te r  of the  la c c o l i th  but 
show d e p le t io n  a t  the  top (see f ig u re  28 and r e f e r  to  f ig u re  23). 
Apparently th e  enrichment p a t te rn s  in the  shonk in ite  do not 
correspond to  e i t h e r  Rittmann or H i ld r e th 's  pred ic ted  models.
Perhaps th e  a c t i v i t y  o r  in te ra c t io n  of both f e n i t iz in g  carbon 
d io x id e - r ic h  f l u id s  as well as magmatic w ater-r ich  f lu id s  c rea ted  the 
va ried  enrichment p a t te rn  observed in th e  shonk in ite .
O r v i l le ’ s  (1963) s tu d ie s  of fe ld sp a rs  a t  2kb and 400-800®C show 
sodium to  be extremely so lu b le  in water, much more so than potassium. 
This s i t u a t i o n  does not r e q u ire  la rg e  volumes of a lk a l i e s  to  be 
p resen t in  so lu t io n ,  but only th a t  d i f fu s io n  of sodium and potassium 
ions tak e  p lace through a pervasive  vapor phase. The re s e rv o ir  of 
sodium and potassium ions necessary  fo r  v o l a t i l e  t r a n s f e r  may e x is t  
in  th e  s i l i c a t e  phase (O rv il le ,  1963).
The s i l i c a t e  phase, o r melt s t r u c tu r e ,  must be a r e s e rv o ir  fo r
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Figure 26, Minor element concentration, in ppm.
a l l  th e  elem ents involved in  v o l a t i l e  t r a n s f e r .  To w h a t  extent a  
p a r t i c u l a r  metal ion i s  presen t in the  f lu id  phase i s  a  function  of 
i t s  in te r a c t io n  with th e  f lu id .  Addition of any metal ion to  the  
f lu id  phase w i l l  decrease  the  a c t iv i t y  of water or carbon dioxide 
(Fyfe and o th e rs ,  1978, p. 62), ie :
^w m tm v* ^  I o n s  ~  a ^ x u l d *
However, th e  complexing of the  metal ions with a v a i la b le  hydroxyl 
carbonate , o r  phosphate anions w il l  s h i f t  the  equ ilib rium  back toward 
g r e a te r  s o l u b i l i t y  o f th e  p a r t i c u la r  metal ion in question  (K. 
O sterheld , pers . comm., 1985). Thus th e  composition of the  f lu id  
would appear in  a constan t s t a t e  o f f lux ;  the  t r a n s fe r  o f sp e c i f ic  
ions r e q u i re s  a balance between the  s o l u b i l i t y  of the  ion and the  
a v a i l a b i l i t y  o f  complexing anions. The a v a i l a b i l i t y  of complexing 
anions would depend on th e  s o l u b i l i t y  o f water and carbon dioxide in 
th e  magma.
The a c tu a l  movement of the  v o l a t i l e  phase i s  up and away from 
th e  c r y s t a l l i z in g  s i l i c a t e  s t r u c tu r e s  as movement or d if fu s io n  takes 
p lace along th e  a c t i v i t y  g rad ien t and toward reg ions of lower 
p ressu re s .
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MODEL FOR THE EVOLUTION OF GORDON BUTTE
Any model d esc r ib ing  the  evo lu tion  of Gordon Butte must 
in co rp o ra te  methods of a l t e r in g  the  chemical composition of the  magma 
without p h y s ic a l ly  sep a ra t in g  the  c r y s t a l l i n e  phases from contact 
with th e  melt. The process of v o l a t i l e  t r a n s f e r ,  including 
f e n i t i z a t i o n ,  can accomplish t h i s .  D i f fe re n t ia t io n  by the  t r a n s f e r  of 
v o l a t i l e s  produces su b t le ,  c ry p t ic  changes in the  chemical 
composition o f  an igneous in tru s io n .
The theory  of v o l a t i l e  t r a n s f e r  i s  not new. In 1912 R.A. Daly 
(Shand, 1947) used the  theory  to  exp la in  the  formation of 
fe ld sp a th o id a l  rocks through the  escape of carbon dioxide carry ing  
a lk a l i e s  toward the  top o f  the  magma chamber. A magma chamber 
su b je c t  to  Daly’ s  i n te r p r é t â t  ion o f  v o l a t i l e  t r a n s fe r  would produce a 
rock r i c h e r  in  pyroxene in  th e  lower part  o f  the  chamber and a melt 
r i c h e r  in  a lk a l i e s  in th e  upper p a r t .  At Gordon Butte t h i s  s i tu a t io n  
does not occur; th e  magma chamber co n ta in s  a uniform rock type. The 
only pyroxenite  p resen t a re  the  x en o li th s  in the  dike and la c c o l i th .  
Rock (1976) s t r e s s e s  the  importance of a high v o la t i l e  con ten t, 
s p e c i f i c a l l y  carbon d iox ide  over water, to  exp la in  generation of a 
s t ro n g ly  a lk a l in e  magma with pyroxenite  x en o li th s .  Rock argues th a t  
v a r i a t io n s  in  gaseous composition of magmas a t  depth o f f e r  a simple 
exp lana tio n  fo r  th e  compositional v a r ia t io n s  in the  intruded rock.
Because experim ental work has concentra ted  on documenting the  
p rocesses  o f  c r y s ta l  f r a c t io n a t io n ,  g ra v i ta t io n a l  s e t t l i n g ,  and more
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r e c e n t ly  on l iq u id  irnmiscibi 1 i ty ,  the  process of v o l a t i l e  t r a n s fe r  
has mostly been ignored. Our knowledge about the  d i s t r ib u t io n  of 
major, minor, and t r a c e  elements i s  based on observations made in the 
f i e l d  and during pé trograph ie  research  (Rittmann, 1975).
Experimental pe tro logy  needs to  model research  th a t  w ill  document 
gaseous behavior and t r a n s f e r  in magmas of varying compositions under 
varying p ressu re  and tem perature cond itions .
According to  th e  above d e sc r ip t io n s  and in te rp re ta t io n  the 
follow ing scen a rio  suggests  a p la u s ib le  exp lanation  fo r  the  evolu tion  
of Gordon Butte .
1. The Gordon Butte magma o r ig in a te d  in a lower c rus t-upper 
mantle magma chamber, based on the  presence o f  the  pyroxenite 
x e n o li th s  in th e  magma. The chemical composition of the
clinopyroxenes in the  x eno li th  and au g ite  core  in the  shonk in ite  a re  
th e  same in d ic a t in g  they probably c r y s ta l l i z e d  from the  same paren ta l 
magma and under s im i la r  p ressu res . The s u p e r - c r i t i c a l  f lu id  phase 
presumably contained  both carbon d ioxide and water.
2. T ransfe r  of the  f lu id  phase r ich  in a lk a l ie s  toward the  top 
of th e  chamber i s  synchronous with the  c r y s t a l l i z a t io n  of mafic 
m inera ls  such a s  b i o t i t e  and pyroxene producing a paren ta l magma 
chamber with an a lk a l in e - r i c h  melt separa tin g  from a pyroxenite base; 
perhaps a s i t u a t i o n  s im i la r  to  the  model Daly proposed.
3. High v o l a t i l e  content of th e  magma a t  upper mantle 
c o n d it io n s ,  th u s  high v o l a t i l e  p ressu res ,  would influence  a rap id
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asce n t ,  ca rry in g  along pyroxenite  in c lu s ion s  (Mysen, 1975). I f  
pyroxen ite  was forming in th e  lower portion  of the  paren ta l magma 
chamber, then  presumably a magma e n e rg e t ic a l ly  e x it in g  the  chamber 
would bring along fragments of the  lower part  or w alls of the 
chamber.
4. Decrease in  p ressu re  on an ascending carbonated magma causes 
e x so lu t io n  of a carbon d iox ide—ric h  phase which incorpora tes  metal 
ions from th e  magma to  form the  fe n i tz in g  so lu t io n s .  The f e n i t iz in g  
s o lu t io n s  a re  s u p e r - c r i t i c a l  ; they precede the  f in a l  c r y s t a l l i z a t io n  
o f  magma and approximate molten magmatic tem peratures.
5. A fte r  emplacement, the  tem perature of the  magma remains high. 
The p ressu re  c o n d it io n s  a re  high enough to  keep the  water and carbon 
d iox ide  in s u p e r - c r i t i c a l  f lu id  phases. However, the  pressure  i s  low 
enough to  con tinue  fo rc ing  the  genera tion  of f e n i t iz in g  so lu t io n s  
from th e  magma. Exsolu tion  of th e  carbon dioxide con tinua lly  
co n ce n tra te s  water in  th e  magma; thus  the  w ater-bearing v o la t i l e  
phase becomes p ro g ress iv e ly  more important.
6. As th e  tem perature  drops and the  magma begins to  s o l id i fy ,  
th e  w ater—bearing f lu id  a c t iv e ly  m igrates toward the  top of the  
in t ru s io n .  Water c a r r i e s  d isso lved  elements th a t  e i th e r  may reac t  
with th e  s i l i c a t e  phase, as in  th e  a l t e r a t i o n  of a u g ite  to  a e g ir in e -  
au g ite ,  accumulate a t th e  top  of th e  la c c o l i th ,  or exsolve out of the 
w ater—bearing f lu id  with th e  carbon dioxide and become a c o n s t i tu en t  
in th e  f e n i t i z in g  s o lu t io n s .
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THE EFFECT OF FENITIZATION ON MAGMATIC DIFFERENTIATION
Magmas th a t  exsolve f e n i t iz in g  f lu id s  should show dep le tion  of 
c e r t a i n  mobile c o n s t i tu e n ts  from the  igneous rock and presumably 
a d d i t io n  of th e se  c o n s t i tu e n ts  in to  the  f e n i te .  F e n i t iz a t io n ,  as a 
process , o p e ra te s  during in tru s io n  and c r y s t a l 1iz a t io n  modifying the 
chem istry  o f  a magma by lo ss  of m ateria l  to  the  host rock (Rubie,
1982). A lka line  in t ru s io n s  surrounded by fe n i t iz e d  border zones are 
commonly s tud ied  to  document the  process of f e n i t i z a t io n  by using 
q u a n t i t a t iv e  techniques o f  mass t r a n s f e r  and volume change (Sresens, 
1967, Appleyard and Woolley, 1979). Although f e n i t i z a t io n  i s  present 
a t  Gordon B utte , c a lc u la t io n s  o f mass t r a n s f e r  and volume change are  
not p o ss ib le  as  an incomplete s e c t io n  o f  f e n i t e  remains. Instead, 
s e m i-q u a n t i ta t iv e  c a lc u la t io n s  can be made to  approximate the  
o r ig in a l  composition o f  th e  magma p r io r  to  f e n i t iz a t io n ,  as well as, 
to  e s t im a te  th e  o r ig in a l  th ick n ess  o f the  f e n i t e  zone.
The average composition of th e  c h i l l  zones a t Gordon Butte 
should reasonably  rep re se n t  the  o r ig in a l  composition of the  magma 
j u s t  before  in t ru s io n .  The average composition fo r  the  main mass 
o f sh o n k in i te ,  excluding th e  c h i l l  zones, rep re sen ts  the  bulk 
chemical composition of th e  rock a f t e r  f e n i t i z a t i o n  has occurred. 
Assuming a c losed  system including  the  fe n i te ,  the  d iffe rence  
between th ese  two average compositions should represen t the  amount of 
c o n s t i tu e n ts  lo s t  to  th e  f e n i t e ;  th ese  f ig u re s  are l i s t e d  in Table 4.
Assuming elements a re  only added by f e n i t i z a t io n ,  and not
71
TABLE 4 .  Average chemical com position  fo r  the s h o n k in i t e ,  Fort Union Form ation, and 
f e n i t i zed Fort Union Formation, in  weight pe rcen t
Average Composition f o r ;  SiO^ Al^O^ CaO MgO Na^O K^O Fe^O^ MnO TiO^
A. C h i l i  Zone 45,45 13.15 9.57 4 .78 5.87 3.98 10.28 0.24 1.18 1.53
B. V e r t i c a l  S e c t io n s  *1-4 44.68 12.55 11.25 6.46 3.65 3.83 8 .97 0 .16  0 .93 1.52
C. D if fe re n c e  of A-B fo r  Na^O 2.31
D. F e n i t i z e d  Fort  Union Fm. 55.12 6 .85 4.67 1.82 6.61 5.04 15.23 0.21 1.30
E. Fort Union Fm. 39.2 6.19 26.0 0.71 0 .55 2.25 1.51 1.31 0 .29 0.14
F. D if fe re n c e  of D-E fo r  Na^O 6.06
ÎO
removed from th e  f e n i t  ized rock, a c a lc u la t io n  can be made to  
determ ine th e  approximate th ickness  of the  o r ig in a l  f e n i te  capping 
Gordon B utte ; th a t  is ,  what proportion  of elements must be added back 
in to  th e  sh o n k in i te  from the  f e n i t e  to  achieve a composition s im ila r  
to  th e  average c h i l l  zone. To keep the  procedure simple only sodium, 
a h ig h ly  mobile element in f e n i t i z a t io n ,  i s  considered. Sodium is  
th e  dominant element involved in f e n i t  iz a t io n  surrounding a lk a l in e  
in t ru s io n s  (LeBas, 1977), sodium i s  extremely so lub le  in a lk a l ic  
metasomatic f l u id s  ( O r v i l l e ,1963), and of a l l  the  major elements 
p resen t in th e  Gordon Butte  sh onk in ite  sodium shows the  g rea te s t  
changes (see f ig u re  24).
The c a lc u la t io n  assumes (I) th a t  the  20 cen tim eter fe n i t iz e d  
c h i l l  zone be ignored, as p ro p o rt iona te ly  the  fe n i t iz e d  c h i l l  zone is  
in s ig n i f i c a n t  in volume to  the  la c c o l i th  below and th a t  the  weight 
percent sodium in th e  f e n i t e  i s  a c tu a l ly  le s s  than in the  top c h i l l  
zone (see f ig u re  29). Perhaps the  fe n i t iz e d  c h i l l  zone, as 
sh o n k in i te ,  i n i t i a l l y  contained high sodium values so th a t  
f e n i t i z a t i o n  f a i l e d  to  have any s ig n i f ic a n t  change in the  weight 
percent o f  sodium. Regardless, the  f e n i te  cap was probably much 
th ic k e r  than 20 cen tim e te rs  and p ro p o r tio n a te ly  contained fe n i t iz e d  
country  rock, th u s  th e  fe n i t iz e d  c h i l l  zone i s  ignored. Continuing, 
th e  c a lc u la t io n  a lso  assumes, (2) th a t  th e  f e n i t iz in g  so lu t io n s  
o r ig in a te d  from th e  lower to  middle part  o f the  la c c o l i th .
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corresponding to  v e r t i c a l  s e c t io n s  #1-4, a height of 78 meters.
i c a l  s e c t io n  #5 i s  not included as t h i s  se c t io n  conta ins even a
h igh er  percent sodium than  the  top c h i l l  zone; t h i s  may r e f l e c t  the
d i f f e r e n t i a t i o n  process o f  upward co ncen tra tion  of s e le c t  elements 
(as d iscussed  in  the  chap ter  on the  na ture  of v o l a t i l e  t r a n s f e r ) .
The c a lc u la t io n  i s  based on the  proportion  of f e n i te  to  
sh o n k in i te  and th e  d i f fe re n c e s  in weight percent of sodium between 
th e  two rock types . The c a lc u la t io n  i s  as follow s: the  area th a t  
r e p re s e n ts  th e  weight percent sodium lo s t  from the shonk in ite  equals 
180.2 wt.lt/m (shaded a rea  on f ig u re  29). The volume o f a f e n i te  cap 
th a t  would rep re sen t the  weight percent of sodium gained would then 
equa l:
180.2 wt.%/m = 6.06 wt.5t (X m)
X = 29.7 m
Thus th e  o r ig in a l  f e n i t iz e d  cap ( fe n i t iz e d  country rock) was 
approxim ately 30 m eters th ic k .  F igure  29 schem atically  shows the 
"balance" o f  sodium lo s t  from the  shonk in ite  to  sodium gained by the 
f e n i te .
The c a lc u la t io n  above re p re se n ts  the  possib le  th ickness  o f a 
f e n i t e  cap above a sh o n k in i te  mass 105 meters th ick . I f  the  
l a c c o l i th  was a c tu a l ly  th ic k e r ,  then  presumably the  o r ig in a l  fe n i te  
cap would have been th ic k e r .  Considering th e  s i l l s  as part of the  
l a c c o l i th  (as d iscussed  in  th e  s e c t io n  of Contact Relations) the  
a c tu a l  th ic k n e s s  of sh o n k in i te  should be approximately 270 meters.
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v ersus  the  105 meter th ic k n ess  used in the  above c a lcu la t io n .  
R eca lcu la t in g  with a sho nk in ite  th ickness  of 270 meters, the f e n i te  
cap could have been approximately 77 meters th ick .
E stim ations of f e n i t e  th ickness  based on simple los t-gained  
assumptions a re  r isk y ,  as assumptions l ik e  the  ones used above are 
too  sim ple and do not t r u e ly  rep resen t the  rea c t io n s  occurring in 
n a tu re .  In a d d it io n ,  the  da ta  rep re se n ts  only a small number of 
an a ly ses  and thus  should not be taken at face  value. Rather, the  
numbers in d ic a te  a d i r e c t io n  of change; they appear to  in d ica te  a 
s i g n i f i c a n t  amount o f  sodium was removed from the  la c c o l i th .  The 
sodium most l ik e ly  went to  metasomatize the  overlying country rock 
in to  a lay e r  o f  f e n i te .  Recall th a t  f e n i te  was a lso  recognized above 
th e  feed e r  d ike  and s i l l s  a t  Gordon Butte. V o la t i le  t r a n s fe r  appears 
to  have dominated much of the  d i f f e r e n t i a t i o n  of the  Gordon Butte 
magma.
The t r a n s f e r  o f v o l a t i l e s  d é f i n i t ly a ffec ted  the  evo lu tion  of 
th e  Gordon B utte  magma. I f  f e n i t i z a t i o n  did not occur and sodium 
remained confined to  the  magma then presumably the  r a t i o  of potash to  
soda would have been g r e a te r ;  thus  the  r e s u l t in g  composition of the 
rock may not have been sh o n k in i t ic .  (Refer to  Table 1 fo r the 
f ig u re s  on potash and soda in the  c h i l l  zones versus the  main mass of 
sh o n k in i te ) .  In essence, th e  sh o n k in ite  composition may be a d i re c t  
r e s u l t  o f  f e n i t i z a t i o n .
Magmatic d i f f e r e n t i a t i o n  influenced by v o la t i l e  t r a n s fe r  and 
f e n i t i z a t i o n  p re sen ts  a system open to  constan t change, c o n s t i tu e n ts
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d is so lv in g ,  m igra ting , exsolving, e t c . .  The rea c t io n s  th a t  occur 
during v o l a t i l e  t r a n s f e r  and f e n i t i z a t i o n  presumably operate  at 
tem pera tu res  and p ressu res  d i f f i c u l t  to  experim entally  work with. 
U n ti l  experim ental work can accomodate such open-ended systems, 
sim ple approaches s im i la r  to  the  one used above to  t r a c e  the  
movement o f  sodium may help c l a r i f y  the  geologic im plica tions of 
p rocesses  l ik e  v o l a t i l e  t r a n s f e r  and f e n i t iz a t io n .
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APPENDIX A
8 2
Appendix A. Electron microprobe results of augite phenocysts, in cation percent.
«2
Sample Na Pe K Si Ca Al Ti Mg Hn 0
Pyroxenite xenolith 
(clinopyroxene)
0.77 5.34 0.01 24.54 15.98 1.14 0.27 8.36 0.09 42.86
Dike shonkinite 8.19 18.28 0.00 24.52 3.86 0.47 1.28 1.50 0.15 39.85 Rim
0.83 5.24 0.00 24.58 16.09 1.28 0.54 8.37 0.04 43.23 Core
Bottom C hill Zone 7.98 18.97 0.00 24.79 4.30 0.28 0.39 1.54 0.12 39.72 Rim
0.95 5,07 0.01 24.74 16.17 0.63 0.39 8.47 0.14 42.86 Core
V ertical Section #1 5.48 16.05 0.00 24.43 8.34 0.24 0.35 3.11 0.14 40.20 Rim
0.95 4.93 0.01 24.82 16.11 0.52 0.32 8.54 0.16 42.79 Core
V ertical Section #4 4.02 12.91 0.01 24.52 10.61 0.50 0.44 4.75 0.27 41.21 Rim
0.89 4.67 0.02 24.43 16.01 1.31 0.36 8.78 0.13 43.09 Core
V ertical Section #3 0.69 4.60 0.00 24.95 16.60 0.67 0.30 8.84 0.19 43.28 Rim
1.16 4.98 0.00 24.91 15.80 0.96 0.32 8.37 0.19 43.15 Core
